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Alcohol misuse and addiction are major international public health 
issues.  Addiction can be characterized as a disorder of aberrant neurocircuitry 
interacting with environmental, genetic and social factors.  Neuroimaging in 
alcohol misuse can thus provide a critical window into underlying neural 
mechanisms, highlighting possible treatment targets and acting as clinical 
biomarkers for predicting risk and treatment outcomes. This neuroimaging 
review on alcohol misuse in humans follows the Addictions Neuroclinical 
Assessment (ANA) that proposes incorporating three functional neuroscience 
domains integral to the neurocircuitry of addiction: incentive salience and habits, 
negative emotional states, and executive function within the context of the 
addiction cycle.  Here we review and integrate multiple imaging modalities 
focusing on underlying cognitive processes such as reward anticipation, negative 
emotionality, cue reactivity, impulsivity, compulsivity and executive 
function.  We highlight limitations in the literature and propose a model forward 
in the use of neuroimaging as a tool to understanding underlying mechanisms 
and potential clinical applicability for phenotyping of heterogeneity and 
predicting risk and treatment outcomes. 
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Alcohol misuse and addiction are major international public health issues with 
high associated morbidity and mortality (Kwako et al., 2016).  Alcohol addiction 
can be characterized as a disorder of neurocircuitry interacting with 
environmental and social factors. Treatment interventions are only moderately 
effective and underutilized.  Critically, neuroimaging can provide important 
mechanistic insights and act as potential clinical biomarkers for predicting risk 
and therapeutic outcomes and define novel treatment targets. 
 
This review adheres to the Addictions Neuroclinical Assessment (ANA) (Kwako 
et al., 2016) focusing on a neuroimaging review of alcohol misuse, as an 
exemplar of neuroimaging in addictions neuroscience.  Thus, we do not include 
the many neuroimaging studies on other drugs of abuse or on process 
addictions, e.g., gambling.  Here, we review multiple imaging modalities (task-
based functional magnetic resonance imaging (fMRI) and the 
neuropharmacology of positron emission tomography imaging and integrate 
with both resting state network and anatomical approaches) focusing on the 
neurocircuitry of alcohol misuse in the human brain examining macrostructure 
and neurochemical modulators and cognitive processes that underlie functional 
network impairments.  We address the stages of alcohol misuse including binge 
drinkers who are at elevated risk for developing subsequent alcohol dependence 
(AD), heavy alcohol users, non-treatment seeking AD and abstinent AD along 
with unaffected subjects with a family history of AD.   
 
We focus on a prominent theoretical framework (Koob and Le Moal, 1997) 
elaborated in the ANA (Kwako et al., 2016) where addiction is conceptualized as 
a process comprised of 3 stages i.e.,  binge/intoxication, withdrawal/negative 
and preoccupation/anticipation. Using this framework, the pathophysiology of 
addiction is thought to reflect as an increase in the incentive salience of alcohol-
related stimuli and pathological habits in the binge/intoxication stage, negative 
emotional states in the withdrawal/negative affect stage, and executive function 
deficits in the preoccupation/anticipation stage, which together provide a 
 4 
powerful impetus for compulsive drinking (See Fig. 1 for proposed integration of 
cognitive domains and addiction cycle).   
 
Insert Figure 1 here 
 
These domain dysfunctions correspond to allostatic neuroadaptations in three 
key neurocircuits, respectively: basal ganglia, extended amygdala, and prefrontal 
cortex (Koob and Volkow, 2016). Allostatic adaptations maintain stability via 
changes in the brain but in a non-homeostatic manner. An eventual transition 
into an allostatic state suggests a chronic disequilibrium in a regulatory system 
from its ‘normal’ homeostatic state, for example, threshold changes for certain 
hedonic mood states reach low allostatic points following repeated drug use 
(Koob et al., 2014). Interacting with these allostatic neural and functional 
adaptations are developmental (exposure to abuse, stress, or alcohol), genetic, 
and epigenetic factors that convey vulnerability to the initiation and 
maintenance of addiction and relapse.  Thus, alcohol use disorder can be 
considered as a neural-network disorder with abnormalities primarily in basal 
ganglia, extended amygdala and prefrontal cortex which are also reported in 
macrostructural and functional imaging studies. (See Fig. 2 for an extended 
neural-circuit model and integration of functional and structural imaging studies 
in alcohol misuse). 
 
Insert Figure 2 here 
 
The neuroimaging literature mostly focuses on cognitive domains, (e.g., 
compulsivity and executive function); here we emphasize the importance of 
negative affect and the allostatic shift (where alcohol becomes a negative 
reinforcer) in understanding addiction mechanisms, (Koob et al., 2014) as 
motivational, affective and cognitive processes are indeed interconnected. These 
allostatic neuroadaptations can functionally lead to higher tolerance, reduced 
rewarding responses to alcohol, and increased withdrawal-related negative 
affect (Koob and Volkow, 2016), which in turn lead to compulsive alcohol 
consumption. We further address the imaging-related dimensional 
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neuropsychological constructs of addiction highlighted in a recent international 
expert consensus study (Yücel et al., 2019) including aspects of reward 
processing (expectancy, cue value, associative learning), cognitive control 
(including impulsivity and compulsivity constructs) and executive dysfunction 
(including working memory). A critical question is how cognitive processes 
underpinning the task-based fMRI studies might underlie the stages of alcohol 
misuse.  Each of the addiction cycle components is discussed in the next sections 
and we conclude by highlighting the neuroimaging limitations to date and here 
we propose a model for the use of neuroimaging in addictions neuroscience.  
Although we propose that specific cognitive processes may be associated with 
particular stages of the addiction cycle, we note that this proposed model 
requires further systematic evaluation of the specificity of the association. We 
also emphasize that these processes are not necessarily only confined to the 
proposed cycle component but as discussed below may be more relevant within 




The following Medline search strategy was used and updated to October 
2019: (alcohol dependence or alcohol abuse or alcohol use disorder or binge 
drinking) in the following combinations: AND PET; AND (connectivity or resting 
state or diffusion tensor imaging or MRS or spectroscopy or SPECT or voxel 
based morphometry or cortical thickness or perfusion or ASL); AND (incentive 
or salience or emotion or reward or punishment or monetary incentive delay or 
inhibition or discounting or impulsivity or compulsivity or reversal or habit or 
set shifting or attentional bias or stroop or cue reactivity or effort or motivation 
or relapse or abstinence or endophenotype) AND MRI]; AND (delay discounting 
or premature responding or go no go or ssrt or stop signal or stroop or 
impulsivity or response inhibition or waiting impulsivity or reflection 
impulsivity or risk taking or uncertainty) AND MRI; AND MRI NOT (previous 
specific search terms for imaging techniques or cognitive processes); limited to 
Human research and English articles.  A search specifically for abstracts from the 
IMAGEN data set was also conducted. The abstracts were screened and limited to 
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sample sizes of at least 25 target and 25 healthy controls although lower sample 
sizes for PET imaging were allowed and if few studies were available for the 
category.  Magnetic resonance spectroscopy studies were not included.  After 
abstract screening at least 2 coauthors reviewed and approved further selection 
of articles.  In cases where a meta-analysis or mega-analysis had been published, 
the smaller publications on the same topic were not included.  Table 1 
summarizes the task-based fMRI papers discussed in this review (not including 
genetic studies). 
 
Insert Table 1 here 
 
3. Stages of the Addiction cycle 
We organize this review within the context of a model of correspondence 
between stages of the addiction cycle and cognitive mechanisms and 
representative imaging modalities.  We note that further studies are required to 
assess the specificity and overlap of these mechanisms and addiction stage in 
human studies. 
 
3.1 Stage 1: Binge/ Intoxication  
 
3.1.1 Reward anticipation 
Alcohol consumption has rewarding properties in both animals and humans 
driven by enhanced dopamine and opioid transmission in the basal ganglia and 
extended amygdala (Koob and Volkow, 2016). Human imaging studies of acute 
alcohol administration demonstrate direct evidence of a release of dopamine 
(Martinez et al., 2005) and opioid peptides (Mitchell et al., 2012) in the nucleus 
accumbens (NACC), that reflect the initial hedonic and subjective positive effects. 
In non-treatment seeking AD subjects, intravenous alcohol increased dopamine 
release in the right ventral striatum (VS) compared to social drinkers (Yoder et 
al., 2016).  Incentive salience, the process by which a neutral stimulus gains 
incentive value, is mediated by ventral striatal dopaminergic transmission. This 
conditioned reinforcement of alcohol consumption engenders a behavioral 
approach response that may represent maladaptive craving in alcohol 
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dependence (George and Koob, 2017).  We propose here that reward 
anticipation may be highly relevant to triggering or facilitating bingeing 
behaviors. We further note that reward anticipation may be relevant across the 
addiction cycle.  For example, reward anticipation may be secondary to negative 
emotionality driving compensatory behaviors to manage the reduced reward 
from alcohol, or may be related to cue- or stress-induced relapse or reactivity 
driving secondary reward anticipation.  In this section we focus on reward 
anticipation including the context of the risk towards developing binge drinking 
behaviors in adolescents. 
 
A very commonly used paradigm to assess reward anticipation is the monetary 
incentive delay (MID) task. The MID has been extensively studied in healthy 
controls and substance use disorders with a meta-analysis across substance use 
disorders (including 5 studies with 4 abstinent AD studies) showing decreased 
striatal activity during reward anticipation and increased VS activity during 
reward outcome (Luijten et al., 2017).  Neural activity to the MID has been used 
as a biomarker for pharmacological response in abstinent AD: the D3 antagonist 
GSK598809 normalized the blunted VS response and enhanced response in the 
D3 receptor rich ventral pallidum and substantia nigra (Murphy et al., 2017).  
Notably these studies have predominantly used monetary reward as the 
anticipated reward outcome; however, in a study using alcohol sips as the 
anticipated outcome, there were no differences observed between light, heavy 
and non-treatment seeking AD subjects (Groefsema et al., 2019).  Whether 
protracted abstinence might influence the anticipation of alcohol outcome 
remains to be investigated. 
 
The relative role of reward-related ventral striatal activity and threat-related 
amygdala activity has been investigated in the initiation of drinking.  Adolescents 
with early drinking initiation have greater lifetime stress and greater amygdala 
activity but not VS activity (Elsayed et al., 2018).  Undergraduate students who 
develop problem drinking in the context of stress, show either high VS and low 
amygdala reactivity mediated by impulsivity and greater delay discounting or 
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low VS and high amygdala reactivity mediated by anxious-depressive 
symptomatology (Nikolova et al., 2016). 
 
Studies with large sample sizes have started to elucidate the population 
heterogeneity factors predicting aberrant alcohol-related behaviors using a 
hypothesis-free statistical approach. The IMAGEN multi-site study investigated 
2000 14 year olds with re-testing at age 16 and 19 to develop predictive psycho-
neurobiological models of the development of psychiatric disorders (Schumann 
et al., 2010).  In the IMAGEN cohort, factor analysis including neural activity 
related to reward anticipation using the MID, personality and behavioural 
variables such as impulsivity, extraversion, risk-taking and delay aversion 
predicted an acceptable proportion of variance in the initiation of early drinking. 
However, the contribution of neural markers alone to the predictive accuracy of 
the model was marginal relative to that of personality variables. The authors 
thus concluded that the initiation of alcohol misuse is primarily guided by 
personality variables, whereas aberrant neural responses to reward anticipation 
might play a bigger role in the establishment of an addiction (Nees et al., 2012). 
In a comparison of adolescents with or without a positive family history of AD, 
an alternate means of assessing trait risk, there were also no differences in 
neural activity to reward anticipation on the MID task (Müller et al., 2015).  
Similarly, in a separate analysis of the IMAGEN cohort focusing on predicting 
binge drinking behaviours, subject history (defined as important life events) 
turned out to be the most important predictor relative to neuroimaging markers 
(Whelan et al., 2014).  
 
The neural regions discriminating between current versus predicted binge 
drinking were dissociable in the IMAGEN data.  Current binge drinkers at age 14 
showed both reductions in grey matter volume and aberrant functional activity 
during reward processing and processing of negative stimuli in the ventromedial 
prefrontal cortex (vmPFC) and left inferior frontal gyrus.  In contrast, future 
binge drinkers at age 16 showed aberrant grey matter volumes and neural 
activation to reward outcomes and inhibition failures in bilateral superior 
frontal and the right middle/precentral gyri, respectively (Whelan et al., 2014).  
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The anticipation of reward highlighted four distinct nodes implicated in early 
visual processing, somatomotor, occipital-parietal-cerebellum, with a role for 
caudate and visual processing activity shown to be associated with alcohol usage 
(Jia et al., 2016).  Several IMAGEN studies have further investigated the 
relationship with alcohol use, genetics and the MID task implicating the 
RASGRF2 (Stacey et al., 2012) (Stacey et al., 2016), KALRN (Peña-Oliver et al., 
2016), DRD1 (Baker et al., 2019) and the BDNF genes (Nees et al., 2015).   
 
3.1.2  Summary 
A combination of neural factors including volumetric and functional (reward, 
negative affect and inhibition) differentiates current and predicted adolescent 
binge drinkers.  These neural markers combined with subject history, 
personality variables and behavioral profile together can predict the initiation of 
adolescent binge drinking.  Neural factors alone however appear to play less of a 
predictive role relative to history and personality factors.  Reward-related neural 
activity in adolescent alcohol use is also modulated by genetic factors.  In 
undergraduates, a balance between reward-related VS and threat-related 
amygdala activity mediated by impulsivity or an anxious-depression phenotype 
predicts stress-related problem drinking.  In abstinent AD adults, neural activity 
to the anticipation of monetary rewards appears to be hypoactive similar to 
other abstinent substance use disorders.  Reward type may be particularly 
relevant highlighting the role of non-drug or non-alcohol rewards (e.g. monetary 
reward acting as a conditioned reinforcer or a non-drug reward or natural 
rewards such as social, food or sexual rewards), potentially narrowing the 
behavioral repertoire of environmental interactions and interests. 
 
3.2 Stage 2: Withdrawal 
 
3.2.1 Negative emotionality 
Myriad forms of negative emotionality play a role in the development and 
maintenance of AD. For example, dysphoria is associated with withdrawal and 
protracted abstinence (Koob and Le Moal, 1997), and chronic and acute stress 
are known to act as risk factors for the development, maintenance and relapse of 
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AD (Sinha, 2008). Indeed, mood and anxiety disorders are highly comorbid with 
dependence (Swendsen et al., 2010).  Changes in the hypothalamic pituitary 
adrenal axis and brain stress systems using corticotropin-releasing factor play a 
major role in the upregulation of stress systems (Koob, 2010) during the 
progression of addiction.  Here we emphasize that negative emotionality is a 
critical factor in the withdrawal stage of the cycle but also note its likely 
relevance in the anticipatory craving stage characterized by dysphoria, its role in 
stress-induced relapse and negative reinforcement and as a potential risk factor 
for the development of disorders of addiction. 
 
Neural responses to negative information are disturbed in AD. In a series of early 
smaller imaging studies, similar findings were observed to negative affective 
stimuli in abstinent AD.  During the anticipation of a negative event such as an 
unpredictable threat stressor, abstinent AD males demonstrated reduced 
activation in corticolimbic striatal regions (pregenual cingulate cortex, medial 
PFC, medial orbitofrontal cortex (OFC)) (Yang et al., 2013). Similarly, in response 
to negative facial expression, abstinent AD show reduced activation in the rostral 
affective anterior cingulate cortex (ACC) (Salloum et al., 2007), right dorsomedial 
frontal gyrus (Padula et al., 2015), OFC and insula (O'Daly et al., 2012) with the 
hypoactivity correlating with greater severity.  Negative contexts further 
decreased neural activity during behavioral control tasks. For example, higher 
binge drinking in university age adults correlated with greater hypoactivity to 
negative emotional contexts during response inhibition and delay discounting 
(Herman et al., 2018). The cingulate cortex has been suggested to play a critical 
role: abstinent AD show lower intrinsic cingulate connectivity to alcohol and 
stress cues with longer times to relapse associated with weaker dACC 
connectivity to neutral cues and a stronger posterior cingulate cortex 
connectivity to alcohol compared to stress cues (Zakiniaeiz et al., 2017).  Craving 
in response to negative emotional stimuli dissociated between higher order 
cortical and limbic activity with craving positively correlating with dorsolateral 
PFC (dlPFC) and inferior parietal activity and negatively correlating with 
amygdala activity in abstinent AD (Lee et al., 2013).  
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Genetic variation appears to play a role in modulating such brain activity. 
Imaging studies suggest involvement of CRF1 variation in the development of 
alcoholism and negative emotionality, through reduced negative emotionality 
and increased ventrolateral PFC activation in response to negative emotional 
stimuli (Glaser et al., 2014). Additionally, NMDA genetic variation impacts the 
development of alcoholism, through reduced fear acquisition capacity and insula 
activation during fear acquisition (Cacciaglia et al., 2013).  A genetic variation of 
the recently identified risk variant for major depression (rs10514299) has also 
been shown in AD to be associated with greater putaminal activity to rewards 
and losses and greater depression symptom severity (Muench et al., 2018).   
 
Although these findings highlight a decrease in activity or intrinsic connectivity 
in abstinent AD in response to negative emotionality, the role of changes in grey 
matter structure on findings of hypoactivity has been also been emphasized.  For 
example, a study in abstinent AD subjects showed that multiple regions 
hypoactive to aversive faces were explained by grey matter differences, whereas 
greater activity in left rostral ACC and medial frontal gyrus unrelated to grey 
matter differences was a resiliency factor associated with less lifetime drinking 
history, longer abstinence and less subsequent binge drinking (Charlet et al., 
2014b).  Negative affect during early withdrawal in recently detoxified AD was 
shown to be positively correlated with medial OFC volume with lower OFC 
volumes predicting a greater risk of relapse (Zois et al., 2017).  
 
Neural activity to affective faces has also been investigated as a biomarker of 
pharmacological responses.  For instance, varenicline, an α4β2-nicotinic partial 
agonist, decreases the enhanced amygdala activity to fearful faces in heavy 
drinkers (Gowin et al., 2016) but pexacerfont, a corticotropin releasing hormone 
1 receptor antagonist, did not appear to influence neural activity to fearful faces 
in abstinent AD (Kwako et al., 2015). 
 
In addition to negative stimuli, aberrant responses to positive and neutral 
stimuli also appear to be clinically relevant to AD.  Greater VS and thalamic 
activity to positive stimuli in abstinent AD has been associated with lower 
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relapse risk suggesting a protective role (Heinz et al., 2007).  However, another 
study in early abstinent AD showed that increased vmPFC and ACC activation 
during presentation of a personalized, relaxing stimulus correlated with greater 
stress- and alcohol-induced craving, and, critically, this greater activity predicted 
a greater risk of relapse with a hazards ratio greater than eight (Seo et al., 2013).  
 
3.2.2 Dopaminergic and Opioidergic function: positron emission tomography 
(PET) 
In terms of alcohol withdrawal symptoms, overwhelming preclinical data from 
animal models show a compromised dopamine system during acute and 
protracted withdrawal (Koob and Le Moal, 1997; Nestler, 2005). Alterations of 
the dopamine system have been found consistently, with lower baseline striatal 
D2/3 receptor (D2/3R) availability in abstinent AD (Martinez et al., 2005) which 
correlates with alcohol craving (Heinz et al., 2004) with no clear improvement 
with abstinence (Volkow et al., 2002). 18F-fallypride imaging showed lower 
D2/3R availability in thalamus, hippocampus, insula and temporal cortex, 
indicating a mixed striatal picture (Grusser et al., 2004; Heinz et al., 2005b; 
Rominger et al., 2012). In response to psychostimulant challenges, which 
normally increase striatal dopamine release, abstinent AD show blunted VS 
dopamine release (Martinez et al., 2005; Volkow et al., 2007). In contrast, 
unaffected subjects with an alcohol family history showed either no differences 
or enhanced baseline striatal D2/3R availability and no differences in dopamine 
release to amphetamine challenge (Munro et al., 2006; Alvanzo et al., 2017) 
(Volkow et al., 2006). The expectation of alcohol administration however 
appears to enhance VS dopamine release in unaffected subjects with a positive 
family history suggesting a potential role of hyper-responsivity of the 
dopaminergic system to alcohol expectation (Kegeles et al., 2018). 
 
Presynaptic striatal dopamine synthesis capacity as measured using 18F-DOPA 
has not shown differences in abstinent AD (Heinz et al., 2005b; Deserno et al., 
2015), although craving correlated with lower pre-synaptic capacity (Heinz et al., 
2005b).  In detoxified AD, ventral striatal coding of reward prediction error is 
intact, but the negative correlation normally observed in healthy controls 
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between ventral striatal prediction error activity and striatal dopamine synthesis 
capacity is absent (Deserno et al., 2015).  AD was also associated with lower 
striatal dopamine transporter (DAT) binding levels (Tiihonen et al., 1995) in 
early abstinence with substantial recovery within the first 4 days (Laine et al., 
1999b) and normalization within a month (Laine et al., 1999a).  These changes in 
dopaminergic transmission may drive underlying neuroadaptations. During 
normal aversive processing, presynaptic dopamine function in the amygdala is 
associated with amygdala and anterior cingulate blood oxygen level dependent 
functional connectivity. However, in abstinent AD, this functional connectivity is 
decreased and there appears to be no relationship between dopamine 
transmission and neural circuit connectivity (Kienast et al., 2013).   
 
Beyond the dopaminergic system, the µ-opioid receptor is also implicated in 
hedonic tone, motivation and impulse control and interacts with dopamine 
release. AD has been associated with higher striatal µ-opioid receptor availability 
as measured using 11C-carfentanil in early (Weerts et al., 2011) and mid-
abstinence in some but not all studies (Turton et al., 2018) with this increase 
negatively correlated with craving (Heinz et al., 2005a; Weerts et al., 2011).  
Similar to studies of blunted psychostimulant-induced dopamine release, AD 
subjects also show blunted dexamphetamine-induced opioid release (Turton et 
al., 2018).   
 
3.2.3 Summary 
Negative emotions during early withdrawal in AD is positively correlated with 
medial OFC volume.  Negative imagery and stress cues generally appear to 
decrease limbic and prefrontal activity and intrinsic connectivity in abstinent AD 
subjects.  However, differences in grey matter as a function of AD may influence 
these findings: after controlling for grey matter volume, enhanced prefrontal 
activity to negative imagery in AD was shown to act as a marker of resilience.  
Reactivity to positive and relaxing stimuli appears also to be clinically relevant in 
predicting AD outcomes.   
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Following chronic alcohol exposure in AD, abstinence is associated with lower 
striatal D2/3 and enhanced µ-opioid receptor availability along with blunted 
amphetamine-induced dopamine and dexamphetamine-induced opioid striatal 
release.  The lower striatal D2/3 receptor and blunted amphetamine-induced 
dopamine release appears to persist into late abstinence. 
 
3.3 Stage 3: Preoccupation/Anticipation (“craving”)  
 
Craving is a hallmark feature of the preoccupation/anticipation stage as the 
latter represents protracted abstinence when subjects are most vulnerable to 
relapse. At this stage, enhanced cue reactivity and impulsivity co-exist with 
deterioration of functional circuits underlying inhibitory control, behavioral 
flexibility and executive function coinciding with and strengthening circuits 
associated with craving.   
 
3.3.1 Cue- Reactivity  
Cue reactivity, a learned response to substance-related stimuli, can be modulated 
not only by disease-related factors (such as treatment status and abstinence, 
severity, exposure to stressors, availability of substances) but also task-related 
features (such as treatment sensory modality, type of cue and implicit and 
explicit regulation)(Jasinska et al., 2014). Multiple drug cue reactivity meta-
analyses identify common activity in the connections associated with the 
mesocorticolimbic dopamine system, including the ventral tegmental area and 
VS, as well as salience detection and regulation systems including amygdala, ACC, 
OFC, dlPFC, insula and hippocampus(Chase et al., 2011) (Engelmann et al., 2012) 
(Kuhn and Gallinat, 2011).  An activation likelihood estimation based meta-
analysis focusing on alcohol cues with a cohort of 679 heavy drinkers, treatment 
seeking or abstinent AD, and 174 controls showed common activation of VS, 
ventral ACC, vmPFC, posterior cingulate, precuneus, insula, temporal cortex and 
visual processing regions (Schacht et al., 2013a).   
 
Studies have also focused on deconstructing the cognitive processes underlying 
cue reactivity studies and the influence of alcohol cues on motivational and 
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approach processes.  Attempts to assess the role of the conditioned cue versus 
the outcome showed increased VS dopamine release in heavy drinkers (Oberlin 
et al., 2015b) to both the conditioned stimulus (beer flavor) and the outcome 
(intravenous alcohol) with responsivity to the beer cue correlating with family 
history of AD (Oberlin et al., 2013),(Oberlin et al., 2016).  Detoxified AD subjects 
show enhanced pavlovian-instrumental-transfer (PIT), a process in which 
classically conditioned stimuli enhances motivational instrumental responses, a 
potential mechanism underlying how contextual alcohol cues might enhance 
instrumental alcohol seeking or intake behaviors (Garbusow et al., 2016).  PIT-
related NAcc activity predicted subsequent relapse behaviors.  In this same 
cohort, alcohol cues inhibited previously learned instrumental approach 
behaviors.  This inhibition was associated with NAcc activation in those who 
subsequent abstained and had milder illnesses (Schad et al., 2019).  This 
observation was interpreted as a marker of resilience: in AD subjects that 
maintain abstinence or have milder illness, the alcohol cue may act as a salient 
signal to inhibit approach behaviors. 
 
Genotype, including variants of the OPRM 1 (Heilig et al., 2011; Ramchandani et 
al., 2011), DAT 1 (Schacht et al., 2013b) and GABRA2 (Kareken et al., 2010) 
genes also appear to modulate responses to alcohol and alcoholic cues. Amygdala 
reactivity to alcohol has also been used to track progress in avoidance cognitive 
bias training in abstinent AD subjects, which decreased both elevated cue 
reactivity and craving (Wiers et al., 2015).   
 
3.3.2 Impulsivity  
Impulsivity, defined as rapid, poorly considered disinhibited responses, is 
associated with enhanced risk for the development of substance use disorders 
and affected by substance exposure (Voon and Dalley, 2016). Impulsivity 
consists of heterogeneous subtypes with discrete but overlapping neural 
substrates and can be divided into motor and decisional forms (See Fig. 3 for 
frontostriatal circuitry parcellation and integration with impulsive-compulsive 
subtypes and other cognitive processes)(Voon and Dalley, 2016). Abstinent AD 
subjects show blunted VS and ACC activity during anticipation of monetary 
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rewards associated with elevated questionnaire-based impulsivity (Beck et al., 
2009) thus linking reward anticipation and impulsivity.   
 
Insert Figure 3 here 
 
A meta-analysis of response inhibition behavioural outcomes from the stop 
signal task and go/nogo task demonstrated impaired response inhibition in 
heavy users and AD subjects, and similarly in other stimulant and nicotine 
dependent subjects and pathological gamblers (Smith et al., 2014).  A review of 
response inhibition imaging studies showed consistent findings across alcohol 
and substance dependent groups with hypoactivity of an inhibitory network 
(ACC, inferior frontal gyrus, dlPFC and parietal cortices) (Luijten et al., 2014) 
with evidence for differences in neural correlates to response inhibition as a pre-
existing risk factor (Schweinsburg et al., 2004; Norman et al., 2011; Whelan et al., 
2012; Kareken et al., 2013; Hardee et al., 2014; Heitzeg et al., 2014). Using the 
stop signal task, the IMAGEN study differentiated between underlying risk 
versus compensatory mechanisms secondary to drug state effects in adolescents 
showing OFC hypoactivity with drug initiation and inferior frontal cortex 
hyperactivity with excessive drug use (Whelan et al., 2012). In a cross-
translational IMAGEN study of the ubiquitously expressed GTPase Arf6 and Efa6, 
mutant flies showed differential sensitivity to alcohol preference, tolerance and 
sedation; the human ortholog, the PSD3 haplotype associated with AD was 
localized within the prefrontal cortex associated with response inhibition 
(Gonzalez et al., 2018).  Acute administration of modafanil improved response 
inhibition and thalamic and supplementary motor area activity in abstinent AD 
but only in those with underlying baseline inhibitory impairments (Schmaal et 
al., 2013).  AD and binge drinkers also display impaired waiting impulsivity (or 
the tendency to response prematurely) along with reduced resting state 
functional connectivity between the subthalamic nucleus, VS and subgenual 
cingulate cortex (Sanchez-Roige et al., 2014; Morris et al., 2016b).   
 
Enhanced delay discounting, or the preference for smaller immediate rewards 
over larger delayed rewards, is also very commonly observed in AD (Lim et al., 
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2017; Swan et al., 2018; Gowin et al., 2019).  The few imaging studies in heavy 
drinkers and subjects with a mixed range of alcohol severity report enhanced 
activity in a diverse range of regions (supplementary motor area, insula, OFC, 
inferior frontal gyrus and precuneus; dlPFC and parietal cortex)(Claus et al., 
2011) (Amlung et al., 2014).  In a study designed to dissociate delay and 
magnitude, abstinent AD showed lower activity to delay in the anterior insula, 
dACC, dlPFC and inferior parietal lobule and greater activity to magnitude in 
medial PFC, rostral ACC, left posterior parietal and right precuneus (Dennis et al., 
2020). The delay discounting process has been linked with dopaminergic 
function with AD and social drinkers showing lower right ventral striatal 11C-
raclopride binding potential correlating with greater delay discounting (Oberlin 
et al., 2015a).  Cue reactivity appears to be modulated by delay discounting: in 
heavy drinkers, greater delay discounting was associated with lower 
frontoparietal alcohol cue taste reactivity and sensation seeking with greater 
fronto-striatal cue reactivity (Burnette et al., 2019) .  Acute modafanil decreases 
delay discounting in abstinent AD and enhances frontoparietal activity and 
decreases vmPFC activity (Schmaal et al., 2014)  
 
AD individuals are also impaired across several measures of risky decision 
making (Lim et al., 2017; Swan et al., 2018; Gowin et al., 2019). By contrasting 
risk-taking (speeded trials) to risk-aversion (slowed trials) in the Stop Signal 
Task, abstinent AD show reduced putaminal, insula and amygdala activity (Li et 
al., 2009) and heavy drinkers showed lower superior frontal gyrus and left 
caudate activity (Bednarski et al., 2012).  In AUD subjects, greater hazardous 
drinking was associated with lower activity in the insula, dACC and striatum to 
risky choices on the Balloon Analogue Risk Task (Claus and Hutchison, 2012).  
Preliminary evidence also suggests a potential role for neural correlates of risk 
taking as an underlying endophenotype. For instance, adolescents with a positive 
family history show lower right dlPFC activity to risky choices compared to those 
without a family history (Cservenka and Nagel, 2012).  Similarly adolescents who 
make more risky choices and have greater NAcc and precuneus activity to risky 
and rewarding choices develop earlier binge drinking (Morales et al., 2018). 
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In the evaluation of risk, the anticipation of the negative outcome and sensitivity 
to loss aversion is also highly relevant: greater activity in dlPFC, OFC and 
superior parietal activity when anticipating risky large losses was observed in 
binge drinkers (Worbe et al., 2014) but critically, the capacity to decrease risk 
taking behavior by learning from loss feedback was intact and associated with 
enhanced inferior frontal activity, a region involved in stopping behaviours 
(Worbe et al., 2014).  Similarly, abstinent AD and pathological gamblers (PG) 
showed decreased loss sensitivity in a mixed gamble study.  Whereas healthy 
controls showed dlPFC hypoactivity to losses, AD showed increasing dlPFC 
activity with rising losses suggesting enhanced recruitment of cognitive 
resources (Genauck et al., 2017)   In contrast, PG showed a different neural 
profile with altered prefrontal-amygdala connectivity.  Binge drinkers further 
show enhanced reflection impulsivity,  or the tendency to make rapid decisions 
with limited evidence accumulation during probabilistic decisions, correlating 
with lower dlPFC volumes (Banca et al., 2016b). 
 
Resting state synchrony in reward and executive function-related regions, 
associated with impaired inhibitory control shows clinical relevance in 
differentiating relapsers from abstainers (Camchong et al., 2013a).  In a large 
scale resting state fMRI (rs-fMRI) general population study cross-validated 
across the Human Connectome Project and IMAGEN datasets, heavy drinking 
subjects showed general increases in functional connectivity and more 
specifically within reward-related medial-OFC and cingulate cortex correlating 
with impulsivity (Cheng et al., 2019). This contrasted with lower functional 
connectivity in smokers specifically in the lateral-OFC, inferior frontal cortex and 
precuneus also correlating with impulsivity.   
 
3.3.3 Compulsivity or behavioural inflexibility  
Compulsivity can be defined as behavioural inflexibility despite changes in 
environmental context or negative outcomes and consists of multiple subtypes 
implicating fronto-striatal circuitry.  Such compulsivity can range from more 
complex behaviors including goal-directed and habit control, exploration and 
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exploitation, set shifting and reversal learning, to simpler forms of behavioral 
inflexibility including switching and perseveration (Voon and Dalley, 2016).   
 
Within the basal ganglia, an influential hypothesis of the transition to addiction 
with chronic substance exposure argues that repeated NACC activation recruits 
ventral-to-dorsal spiraling projections, eventually engaging the dorsal striatum 
and representing a shift from initial goal-directed behavioral control (VS/NACC) 
to automatic habitual behavior (dorsal striatum) (Everitt and Robbins, 2005).  
Findings in human studies suggest diminished goal-directed reward-related 
learning and potentially increased habitual strategies influenced by recency of 
use, bingeing and abstinence (Voon et al., 2017). These behavioral pathological 
changes are absent in social drinkers (Nebe et al., 2018).  As a function of 
increasing severity of alcohol use, goal-directed control becomes impaired as 
shown in a large online population study (Gillan et al., 2016).  Abstinent AD 
subjects show an over-reliance on stimulus-response habit learning associated 
with an decrease in engagement of regions implicated in goal-directed learning 
such as the ventromedial prefrontal cortex and anterior putamen and an 
increase in activity in habit learning regions such as the posterior putamen 
(Sjoerds et al., 2013a).   Heavy drinkers also show enhanced compulsive actions 
to earn alcohol points despite experiencing aversive painful consequences 
associated with greater activity and functional connectivity in mesial prefrontal, 
anterior insula and striatal activity (Grodin et al., 2018).  These behavioural 
changes with alcohol exposure highlight the chronicity required for longer-term 
allostatic neuroadaptations that drive dependence.  The impairment in goal-
directed control appears to improve rapidly within days of discontinuation of 
binge drinking (Doñamayor et al., 2018) and early abstinence in AD subjects 
(Voon et al., 2015).  In detoxified AD, mesial prefrontal impairments in goal-
directed control and behavioural measures of high alcohol expectancies 
associated with impaired model-based control predict subsequent relapse 
(Sebold et al., 2017).   
 
In response to dynamically changing contingencies in a probabilistic reward 
task, abstinent AD also show lower right dlPFC activity to positive prediction 
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error and lower left dlPFC activity to negative prediction error (Beylergil et al., 
2017).  As abstinent AD do not show any differences in VS coding of prediction 
error for probabilistic tasks with limited change in contingencies (Deserno et al., 
2015), this lower dlPFC coding of prediction error suggests a potential 
impairment in the adaptive control of action selection with changing 
environmental contingencies (Beylergil et al., 2017). Exploration tendencies in 
the context of uncertainty, or the tendency to sample alternate unknown options, 
has also been shown to be decreased in abstinent AUD subjects  (Morris et al., 
2016a). 
 
Set-shifting, another form of behavioural inflexibility which measures the 
capacity to switch attention towards previously irrelevant stimuli, is also 
commonly impaired in AD (Kwako et al., 2016). Imaging studies in AD show that 
set shifting impairments correlate with medial prefrontal glucose 
hypometabolism (Adams et al., 1993) and lower inferior frontal cortex volumes 
(Trick et al., 2014).  Intrinsic network connectivity changes in abstinent AD show 
reduced synchrony of a reward and limbic network (caudate, thalamus, VS and 
ACC) but increased connectivity between VS and ACC with the executive network 
(dlPFC), during set shifting (Camchong et al., 2013b), suggesting a shift in 
networks with greater flexible behaviours. 
 
In contrast, reversal learning impairments, in which subjects must learn to 
switch choices following a contingency change and which implicates the OFC, are 
less prominent in AD (Vanes et al., 2014; Banca et al., 2016a). The tracking of 
prediction error in reversal learning can involve updating of the chosen or 
unchosen action. Unlike healthy controls, AD subjects predominantly tracked the 
chosen action rather than both options and further showed decreased mesial 
PFC activity when making inferences about the unchosen action, relating to 
increased drinking habits in AD (Reiter et al., 2016).  
 
3.3.4 Executive deficits: working memory 
Executive processes such as working memory implicating lateral prefrontal 
cortices are very commonly impaired in AD (Kwako et al., 2016).  In rodent binge 
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drinking models, acute abstinence is associated with impaired working memory 
along with activation of mesial prefrontal GABAergic interneurons and 
disruptions in medial prefrontal and amygdala functional connectivity (George et 
al., 2012).  Similarly, in humans, working memory deficits in AD show lower 
activity in prefrontal regions (medial, middle and inferior frontal gyri) 
(Pfefferbaum et al., 2001; Tapert et al., 2001; PARK et al., 2011) with increased 
activity in alternate regions (ACC and superior cerebellar activation) (Desmond 
et al., 2003; Vollstadt-Klein et al., 2010), possibly representing compensatory 
mechanisms. Similarly, adolescents who transitioned to heavy drinking had less 
baseline medial frontal activation compared to continued abstainers (Squeglia et 
al., 2012). In contrast, AD subjects who maintained abstinence showed greater 
prefrontal activation to a working memory task suggesting a potential predictor 
of outcome (Charlet et al., 2014a). However, gender differences exist in the 
degree of prefrontal activation in relation to working memory impairments in 
binge drinkers and adolescents (Caldwell et al., 2005; Squeglia et al., 2011).   
 
3.3.5 Summary  
These studies emphasize a shift in balance of executive function with 
hyperactivity to alcohol cues and hypoactivity in behavioural control and 
executive networks.  AD is characterized by a hyperactive alcohol cue reactivity 
network interacting with genotype, mediated by enhanced dopaminergic release.  
Alcohol cues enhance pavlovian-instrumental transfer in AD, a potential 
explanatory model for how contextual alcohol cues might enhance motivational 
instrumental alcohol seeking behaviors.  In AD subjects who maintain 
abstinence, alcohol cues can also act as markers of resilience by acting as salient 
signals inhibiting approach behaviors.   
 
In contrast to the hyperactivity observed to alcohol cues, measures of impulsivity 
(with studies particularly in response inhibition and risk taking), compulsivity 
(impaired goal-directed control, set shifting and tracking of the alternate option 
in reversal learning) and working memory generally showing hypoactivity of 
relevant networks with some evidence of abnormal compensatory activity in 
other networks.  The cognitive processes underlying delay discounting are 
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potentially dissociable in AD with lower activity to the delay process and greater 
activity to magnitude.  Risk taking appears to be in part related to impaired loss 
aversion during anticipation and associated with greater recruitment of 
cognitive resources. 
 
Evidence supports a role for habit theories in AD.  Multiple levels of behavioral 
flexibility appears to be impaired in chronic alcohol misuse captured through 
behavioral and computational models and reflected in aberrant neural activity.  
These processes are integral to flexible responding to an uncertain changing 
environment and include a shift from goal-directed to habitual control, 
decreased aversion to losses, decreased exploration of unknown options, 
impaired adaptation to changing reward contingencies, decreased set shifting 
and impaired tracking of alternative options. 
 
 
4. Resting state functional MRI (rsfMRI) and structural imaging 
Although rsfMRI and structural imaging outcomes in alcohol disorders may 
reflect multiple stages in the addiction cycle, critically, the neural substrates 
particularly of structural imaging overlap with the task-based fMRI findings of 
cognitive processes (Fig. 2).   
 
Resting state functional MRI 
In addition to resting state functional connectivity studies in impulsivity(Morris 
et al., 2016b; Cheng et al., 2019) and compulsivity(Camchong et al., 2013b) 
measures in AD, network analyses have also focused on its predictive capacity to 
classify disorders using machine learning techniques.  Functional connectivity of 
the subthalamic nucleus has been shown to discriminate between alcohol misuse 
and healthy controls related to impairments in waiting impulsivity (Morris et al., 
2016b).  In a study comparing the classification capacity of differing imaging 
modalities, resting state connectivity between networks predicted 33% of the 
variance of alcohol use severity in adults with problem drinking patters, and 
outperformed the predictive capacity of structural MRI or task-based functional 
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MRI (monetary incentive delay and face matching) (Fede et al., 2019). Epigenetic 
factors have also been examined with dopamine receptor D2 methylation 
associated with severity of alcohol problems and negatively associated with 
functional connectivity of the executive control network (Hagerty et al., 2018). 
 
4.1 Structural changes: grey matter 
 
Grey matter structural differences have been shown in multiple studies between 
AD and healthy controls (Momenan et al., 2012; Grodin et al., 2013; Mole et al., 
2014; Kvamme et al., 2016; Grodin et al., 2017). A mega-analysis from the 
ENIGMA Addictions consortium examining 2140 individuals with substance 
dependence including those with AD highlighted across all substances decreased 
subcortical volumes in bilateral hippocampus, amygdala and right nucleus 
accumbens and decreased cortical thickness across multiple regions including 
bilateral insula, precentral gyrus, supramarginal gyrus and right medial OFC 
(Mackey et al., 2018). AD in particular was also associated with lower thickness 
more specifically in bilateral putamen, right thalamus, right globus pallidus and 
left NACC along with bilateral posterior cingulate and superior frontal cortex.  
Furthermore, AD subjects could be classified from healthy controls using support 
vector machine approaches.  Similarly, a meta-analysis of voxel-based 
morphometry studies (Xiao et al., 2015) from 296 AD subjects and 359 healthy 
controls highlighted decreased volumes in the ACC, dorsomedial PFC, insula and 
putamen, regions associated with functional cognitive impairments. The insular 
findings were corroborated in a parallel rodent and human study which showed 
lower insular and higher amygdalar volumes in AD subjects along with a 60% 
decrease in von Economo neurons in the anterior insula in postmortem AD 
subjects (Senatorov et al., 2015).   
 
These large-scale studies highlight cross-sectional differences whereas 
prospective studies and comparisons with unaffected family members point 
towards potential trait related effects. Healthy subjects with a positive family 
history, show reduced volumes within prefrontal cortices (middle and inferior 
frontal and orbitofrontal gyrus), mid-cingulate, right insula and bilateral nucleus 
accumbens (Filippi et al., 2019) and the right parahippocampal gyrus (Sjoerds et 
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al., 2013b). In adolescents with limited alcohol exposure, a positive family 
history was associated with lower cortical thickness in orbitofrontal and 
superior parietal cortices in additional to greater impulsivity and impaired 
memory (Henderson et al., 2018). These findings suggest the decrease in 
prefrontal regions and particularly the OFC, cingulate, insular and nucleus 
accumbens volumes might be a trait risk factor for alcohol dependence rather 
than secondary to ongoing alcohol use. In contrast, in the large scale IMAGEN 
study of healthy adolescents, higher caudate and cerebellar volumes at age 14 
predicted greater alcohol consumption over 5 years (Kühn et al., 2019).  The 
predictors for risk for AD might indeed also differ from those for increasing use 
in adolescence.   
 
These decreases in brain volumes have been shown to be clinically relevant in 
predicting relapse outcomes.  At baseline, future relapsers had reduced grey 
matter volumes within OFC, medial PFC and ACC compared to both healthy 
controls and future abstainers (Beck et al., 2012), with smaller medio-frontal and 
parieto-occipital volumes predicting shorter time to relapse (Rando et al., 2011).  
Lower medial OFC volumes have been particularly highlighted as a risk factor for 
subsequent relapse, with larger medial OFC volumes associated with greater 
negative affect during withdrawal states (Zois et al., 2017).  The lower ACC and 
anterior insula volumes observed in AD subjects have also been shown to be 
associated with greater self-reported impulsivity and compulsivity measures 
(Grodin et al., 2017). 
 
Recent studies have also focused on the aging hypothesis and gender effects.  
Accelerated aging across multiple regions has been shown in AD with volumetric 
analyses (Guggenmos et al., 2017)  and also in white matter cerebellar volumes 
with a brain age increase of 11.7 years relative to healthy controls (Zhao et al., 
2019).  A role for gender effects has been highlighted in the IMAGEN cohort 
followed from 14 to 19 years old with heavy drinking associated with decreased 
grey matter volume across multiple brain regions with greater prominence in 
females compared to males (Seo et al., 2019).  
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4.2 Structural changes: diffusion tensor imaging (DTI) 
 
Diffusion MRI provides an index of white matter integrity.  A large study 
examining whole brain fractional anisotropy (FA) in AD demonstrated reduced 
FA throughout the brain, including in the corpus callosum, cingulum and 
superior longitudinal fasciculus (Pfefferbaum et al., 2014).  Persistent lower FA 
in cortico-striatal and frontal fibres was observed in both early abstinence (Yeh 
et al., 2009) and later abstinence (Wang et al., 2009). Later abstinence was also 
associated with reduced tract integrity between midbrain and pons in AD, 
associated with cognitive flexibility impairments (Chanraud et al., 2009). Lower 
FA has also acted as a predictive marker: lower frontal FA predicted subsequent 
relapse in AD (Sorg et al., 2012) and lower accumbofrontal FA in adolescents 
predicted earlier binge drinking mediated by greater NACC activation in risk-
reward decision making (Morales et al., 2019). 
 
White matter FA further interacts with gender and age.  Decreases in FA in the 
corpus callosum and tracts connecting anterior and posterior brain regions such 
as the superior longitudinal fasciculus and arcuate fasciculus were shown to be 
decreased in male AD but increased in female AD (Sawyer et al., 2018).  FA 
reduces with age in healthy volunteers but in AD who subsequently abstain from 
alcohol intake, show a reduced slope, indicating some recovery (Pfefferbaum et 
al., 2014).    
 
Neurite Orientation Dispersion and Density Imaging (NODDI) is a recently 
developed diffusion MRI technique, which provides higher specificity of 
microstructural characteristics than conventional DTI (Zhang et al., 2012). 
NODDI uses a model-based procedure with geometric modelling of water 
diffusion to reflect microstructure and to explicitly represent the dispersion of 
axon orientations expected in grey matter, detailing grey matter complexity. 
NODDI microstructural modeling has a more direct relationship with axonal 
orientation distribution, neurite density and dendritic architecture. While this 
technique is relatively new, it has been used to demonstrate that binge drinkers 
have reduced cortical dorsolateral prefrontal and parietal neurite complexity 
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and increased ventral striatal complexity, the latter associated with the severity 




Together these findings suggest that alcohol misuse is associated with 
widespread alterations in brain structure and function, especially in terms of 
processing reward, emotions and substance-related stimuli. Neural factors 
appear to dissociate between current and predicted adolescent binge drinkers.  
Neural factors, history and personality factors in combination predict the 
initiation of adolescent binge drinking but neural factors alone may play less of a 
predictive role relative to history and personality.  In adults with AD, we observe 
aberrant neural activity to a wide range of impaired cognitive processes 
underlying monetary reward anticipation, multiple impulsivity and compulsivity 
domains and working memory.  Both a decrease in activity or aberrant 
hyperactivity has been observed reflecting dysfunction and potential 
compensatory function.  These findings parallel observations of aberrant resting 
state networks, lower brain volumes and impaired white matter integrity in 
regions implicated in these cognitive processes.  Similarly, impairments in 
dopaminergic and opioidergic function at baseline and in response to classical 
challenges underscore the capacity to regulate and optimize optimal function.  In 
response to bottom-up conditioned alcohol cues that might underlie triggers to 
cue-induced relapse states, we observe enhanced dopamine release along with 
enhanced neural activity suggesting a need for greater cognitive demand and 
resources. In contrast, negative emotional stimuli that might underlie emotional 
stress-induced triggers appear to be associated with lower neural activity 
suggesting different neural pathways towards stress or negative emotional 
relapse triggers.  Together these findings suggest aberrant function at all stages 
of the addiction cycle.  Further studies investigating the exact correspondence 




Despite the wealth of imaging data in alcohol misuse, the field is not without 
limitations.  Some of these are known issues with imaging (Poldrack et al., 2017), 
while some issues are specific to that of alcohol misuse.  Mixed findings in 
individual studies highlight key issues underlying neuroimaging studies in AD 
including that of statistical error from small sample sizes, weak mechanistic 
effects or heterogeneity of mechanisms underlying differing cognitive 
phenotypes, or disease or task-related effects. By increasing statistical power, 
meta-analyses across cue studies show commonalities of enhanced activity 
across reward and salience networks in alcohol misuse, although notably 
appropriate study inclusion is needed for robust conclusions from meta-
analyses.  Mega-analyses of grey matter volume have further highlighted 
similarities and differences between substance types with AD being most likely 
to be associated with lower volumetric differences.  Population heterogeneity 
can be also addressed in large sample sizes and statistical techniques to identify 
clinically meaningful phenotypes.   
 
A major issue in the field is that of disease-based and task-based heterogeneity 
(including differences in imaging acquisition, task type and analysis such as 
region of interest or whole brain analyses and necessity for replication) which 
can result in inconsistent findings. Issues further contributing to heterogeneity 
include the role of gender, stage in the addiction cycle of testing, genetic 
vulnerabilities, treatment status and other comorbidities including other 
substance use. Teasing out state versus trait effects of alcohol, vulnerability 
versus resilience and the role of compensatory mechanisms is critical and can be 
achieved with integration with genetics and longitudinal studies.  Notably, 
studies comparing unaffected subjects with and without family histories suggest 
some of these decreases in brain volumes and thickness may be risk factors 
rather than consequences of AD.  Further integration of findings across cognitive 
processes, longitudinal studies in multiple imaging modalities, and postmortem 
studies are indicated.   
 
Here we highlight the critical need for further studies addressing the 
neurocircuitry dysfunctions in AD but in the context of the heuristic domains of 
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the ANA: incentive salience/pathological habits, reward deficits/ stress surfeit 
and impaired executive, impulsivity and behavioural flexibility function. The 
marked comorbidity with dysphoria, depression, anxiety and stress prevalent in 
both premorbid and withdrawal states and the need to understand the 
interactions between negative emotionality, aversive learning and stress and the 
relevant neurochemical and network substrates, the hypothalamic-pituitary axis 
and the risk for the development of and relapse risk underlying alcohol misuse is 
an area largely neglected in imaging studies (Koob and Le Moal, 1997; Koob et 
al., 2014). Recent studies on the role of microglial activation in AD have not 
replicated the enhanced neuroinflammation observed in pre-clinical studies but 
rather, lower activation of microglia in AD which may reflect an interaction with 
cholesterol binding (Kalk et al., 2017; Kim et al., 2018).  Further studies into the 
role of inflammation and alcohol misuse are indicated. Spectroscopy studies at 
ultrahigh MR resolution and PET imaging ligands with novel targets including 
those from the “dark side of addiction” such as brain stress/dysphoria systems, 
neuroinflammatory markers and even beta-amyloid might provide further 
mechanistic insights and novel treatment targets. Understanding mechanisms 
underlying these aberrant processes and their contribution to the heterogeneity 
underlying alcohol misuse is particularly critical to the development of novel and 
appropriate treatment targets. 
 
We thus propose a body of omnibus MR imaging data collection in line with that 
of the ANA as a starting point to investigate and determine the neural substrates 
of addiction subtypes and the development of neural markers as predictors for 
alcohol misuse and treatment outcomes and as novel treatment targets. These 
would include structural measurements, rsfMRI, and task driven fMRI for the 
investigation of neural alterations at various stages of alcohol use and misuse. 
We highlight the need for multiple cross-sectional cohort studies to collect large 
numbers using consistent criteria and measures. Along these lines, the collection 
of large data sets such as ABCD (https://www.addictionresearch.nih.gov/abcd-
study) and ENIGMA are currently underway (Thompson et al., 2014).  
Reconciliation and harmonization of collected data sets is required to develop a 
research data commons that is open source to qualified investigators.  Research 
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questions and the application of computational techniques can be both 
theoretical hypothesis-driven to define underlying cognitive, neurochemical and 
micro- or macro-structural network-based processes or data-driven based on 
the application of new computational analytics for predictive modeling applied 
to large databases. Similar to the concept of a stress test as a predictor of 
cardiovascular function, we envision that imaging, in combination with other 
cognitive or physiological measures, may one day have clinical applicability to 
phenotype heterogeneity and predict individualized risk and treatment outcome 
to psychological, pharmacological and neuromodulation approaches with high 
predictive value.  Utilizing new methodologies in determining and understanding 
neuroimaging fingerprints (Finn et al., 2015) improves our ability to establish 
and evaluate individual variations of addiction.  This in turn, in conjunction with 
innovative approaches such as neurofeedback and biofeedback (deCharms et al., 
2005; Hanlon et al., 2013; Young et al., 2017), real time fMRI can be used to 
examine non-invasive manipulation of affected neural networks in order to 
verify these findings, and perhaps alter the state of the use disorder or its 
withdrawal symptoms in favor of abstinence or reduction in consumption. 
Neuroimaging thus provides a critical window into human neurocircuitry 
underlying alcohol misuse and serves converging roles as a tool for mechanistic 
exploration and potential for precision medicine.   
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Table 1.  Summary of the functional task-based imaging studies reviewed 
Legend: AD=alcohol dependence; MID=Monetary Incentive Delay Task; 
VS=ventral striatum; BD=binge drinkers; HC=healthy controls; 
DLPFC=dorsolateral prefrontal cortex; AUD=alcohol use disorder; PCC=posterior 
cingulate cortex; ACC=anterior cingulate cortex; OFC=orbitofrontal cortex; 
vmPFC=ventromedial prefrontal cortex; NAcc=nucleus accumbens; FHx+=family 





(Luijten et al., 
2017) 
Meta-analysis of substance use disorders and gambling 
disorder (including 4 abstinent AD studies and 1 mixed 
abstinent AD study): lower ventral striatal activity to 
anticipation of Monetary Incentive Delay (MID) task and 
greater activity to monetary reward outcome across 
substance use disorders 
(Groefsema et 
al., 2019) 
No differences between light, heavy and non-treatment 
seeking AD (N=39;64;47) groups in anticipating, obtaining or 
tasting beer in Beer Incentive Delay task 
(Murphy et al., 
2017) 
In abstinent AD, acute administration of the D3 antagonist 
GSK598809 normalized the blunted VS activity and enhanced 
the D3 receptor rich ventral pallidal and substantia nigra 
activity during reward anticipation in the MID task 
(Elsayed et al., 
2018) 
Early alcohol initiators in adolescents (N=330) followed 
prospectively showed greater lifetime stressful events and 




Stress-related problem drinking in 759 undergraduate 
students showed were related to either high reward-related 
VS and low threat-related amygdala reactivity mediated by 
impulsivity or low VS and high amygdala reactivity mediated 
by anxious-depression phenotype 
(Nees et al., 
2012) 
IMAGEN: Neural activity to MID and reward-related 
behaviour variables contributed to 26% of explained variance 
in initiation of binge drinking in healthy adolescents (N=324) 
but neural activity less important than other variables 
(Müller et al., 
2015) 
IMAGEN: No group differences in MID task in adolescents with 
(N=256) and without (N=256) family history of AD 
(Whelan et al., 
2014) 
IMAGEN: Adolescent current (age 14: 115 BD; 150 non-BD) 
and predicted binge drinkers (age 16: 121 future BD) 
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dissociable in grey matter volume and brain activity during 
reward anticipation (MID task), inhibitory and emotional 
processing.  Subject history (or important life events) most 
important predictor of binge drinking relative to neural 
activity 
(Heinrich et al., 
2016; Jia et al., 
2016) 
IMAGEN: Caudate and early visual processing activity during 





(Yang et al., 
2013) 
Decreased activity to unpredictable painful threatening versus 
predictable non-painful conditioned stimuli in pregenual ACC, 
medial PFC, mOFC cortex in abstinent male AD versus HC 
(Salloum et al., 
2007) 
Decreased rostral anterior cingulate activity particularly to 
negative facial affective images (fearful, disgust versus 
neutral) in abstinent male AD versus HC 
(Padula et al., 
2015) 
Decreased right dorsomedial frontal cortex to fearful versus 
neutral affective faces in abstinent AD versus HC 
(Herman et al., 
2018) 
Greater binge drinking in university age subjects correlated 
with greater hypoactivity to fearful images during response 
inhibition and delay discounting 
(Lee et al., 
2013) 
Negative emotional stimuli-induced craving correlated with 
lower DLPFC and inferior parietal lobule and higher amygdala 
activity in abstinent AD versus HC (N=17;25) 
(Zakiniaeiz et 
al., 2017) 
Relative to HC (N=30), AUD (N=45) show lower cingulate 
intrinsic connectivity to both alcohol and stress imagery 
scripts.  Longer times to relapse were predicted by greater 
difference in PCC connectivity to alcohol versus stress cues 
and lower ACC connectivity to neutral cues 
(Charlet et al., 
2014b) 
Abstinent AD relative to HC (N=33,33) showed hypoactivity of 
multiple regions to aversive faces related to grey matter 
differences.  Greater left rostral ACC and medial frontal 
hyperactivity unrelated to grey matter differences was a 
resiliency factor predicting lower binge drinking 
(Zois et al., 
2017) 
Lower grey matter volumes were observed in 95 recently 
detoxified AD versus 85 HC in PFC (including medial OFC), 
ACC and insula. Greater negative affect during withdrawal 
positively correlated with medial OFC volumes.  Lower medial 
OFC predicted greater relapse risk. 
(Gowin et al., 
2016) 
Varenicline, an α4β2-nicotinic partial agonist, decreased the 
enhanced amygdala activity to fearful faces in heavy drinkers 
(Kwako et al., Pexacerfont, a corticotropin releasing hormone 1 receptor 
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2015) antagonist, did not have any effect on neural activity to fearful 
faces in abstinent AD 
(Heinz et al., 
2007) 
Negative, positive and alcohol images increased activity in 
PFC (BA 10) in abstinent AD versus HC (N=12,12) with other 
regions increased with alcohol and positive images.  Only 
greater VS and thalamic activity to positive versus neutral 
images predicted relapse. 
(Seo et al., 
2013) 
Early abstinent AD compared to HC (N=45,30) showed 
increased vmPFC and ACC activation to personalized, relaxing 
stimuli which correlated with greater stress- and alcohol-
induced craving, and, predicted a greater relapse with a 
hazards ratio greater than eight 
Cue reactivity  
(Schacht et al., 
2013a) 
Meta-analysis of alcohol cue reactivity (679 heavy drinkers, 
treatment seeking or abstinent AD, and 174 controls) showed 
common activation of VS, ventral ACC, vmPFC, posterior 




Detoxified AD subjects compared to HC (N=31,24) showed 
enhanced pavlovian-instrumental-transfer (PIT) (classically 
conditioned stimuli enhances motivational instrumental 
responses) associated with NAcc activity which predicted 
relapse 
(Schad et al., 
2019) 
Alcohol cues in detoxified AD subjects compared to HC 
(N=31,24) inhibited previously learned instrumental 
approach behaviors.  Inhibition was associated with NAcc 
activation in those who subsequent abstained and had milder 
illnesses 
(Wiers et al., 
2015) 
32 abstinent AD subjects underwent a randomized controlled 
study of avoidance cognitive bias training.  Amygdala activity 
to alcohol cues was elevated pre-training with decreased 
activity in the active relative to sham control and correlating 
with craving.   
Impulsivity  
(Beck et al., 
2009) 
19 detoxified AD versus 19 HC showed blunted VS and ACC 
activity during anticipation of monetary rewards on MID task 
correlating with elevated impulsivity on Barratt 
Impulsiveness Scale-Version 10 
(Smith et al., 
2014) 
Meta-analysis of stop signal task and Go/NoGo task across 
heavy substance users and dependent groups.  Inhibitory 
impairments in heavy users or alcohol dependence with 
similar impairments in stimulant and nicotine dependence 
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and pathological gambling. 
(Luijten et al., 
2014) 
Review of stop signal task and Go/NoGo imaging studies 
showed consistent findings across alcohol and substance 
dependent groups with hypoactivity of an inhibitory network 
(ACC, inferior frontal gyrus, dlPFC and parietal cortices) 
(Heitzeg et al., 
2014) 
45 9-12 year olds scanned with a Go/NoGo task were followed 
over 5 years.  Problem users showed blunted left middle 
frontal gyrus activity to failed versus correct inhibition 
(Hardee et al., 
2014) 
43 children with positive family history (FHx+) and 30 with 
negative history (FHx-) followed between 7 to 12 years 
scanned repeatedly with Go/NoGo task.  Baseline activity was 
blunted in FHx+ with increase in mid-cingulate activity with 
age whereas FHx- showed decreased right caudate, mid-
cingulate and mid frontal with age 
(Schweinsburg 
et al., 2004) 
12 FHx+ 12 to 14 year olds showed lower left mid frontal 
gyrus activity to Go/NoGo task compared to 12 FHx-  
(Norman et al., 
2011) 
38 12-14 year olds followed longitudinally with subsequent 
heavy users showing lower activity on NoGo trials (left IFG, 




During acute alcohol challenge, 18 FHx- young adults showed 
greater reduction of right PFC to successful inhibition versus 
Go trials in the Stop Signal Task compared to 22 FHx+ 
consistent with lower sensitivity to alcohol in FHx+ 
(Whelan et al., 
2012) 
IMAGEN: In adolescents (N=1896), the stop signal task 
differentiated between underlying risk versus compensatory 
mechanisms secondary to drug state: OFC hypoactivity was 
associated with drug initiation and inferior frontal cortex 
hyperactivity with excessive drug use 
(Schmaal et al., 
2013) 
Acute modafanil improved response inhibition and 
supplementary motor area and thalamic activity in 16 
abstinent AD with baseline poor inhibitory control compared 
to 16 HC  
(Morris et al., 
2016b) 
36 abstinent AUD and 32 BD showed greater premature 
responding on a 4-Choice Serial Reaction Time task versus 55 
HC.  Greater waiting impulsivity correlated with lower 
connectivity of the subthalamic nucleus with VS and 
subgenual cingulate. 
(Claus et al., 
2011) 
151 individuals with social drinking to severe AD were 
scanned with a delay discounting task. Severe AD associated 
with greater discounting and greater activity in 
supplementary motor area, insula/orbitofrontal cortex, 
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inferior frontal gyrus, and precuneus 
(Amlung et al., 
2014) 
Heavy drinking men with AUD as compared to those without 
AUD (N=13,12) showed greater activity in DLPFC and 
posterior parietal cortex during delayed choices 
(Dennis et al., 
2020) 
Using a probabilistic delay discounting task to dissociate delay 
and magnitude, 39 abstinent AD compared to 46 HC showed 
lower activity to delay in the anterior insula, dACC, dlPFC and 
inferior parietal lobule and showed greater activity to 
magnitude in medial PFC, rostral ACC, left posterior parietal 
and right precuneus 
(Burnette et 
al., 2019) 
In 55 heavy drinkers, greater delay discounting was 
associated with lower frontoparietal alcohol cue taste 
reactivity and sensation seeking with greater frontostriatal 
cue reactivity 
(Schmaal et al., 
2014) 
Acute modafanil decreased delay discounting in 14 abstinent 
AD along with enhancing frontoparietal and decreasing 
vmPFC activity relative to 16 HC 
(Li et al., 
2009) 
By comparing risky (speeded trials) to risk-averse (slowed 
trials) in the Stop Signal Task, 24 abstinent AD compared to 
24 HC showed lower putaminal, insular and amygdala activity 
(Bednarski et 
al., 2012) 
By comparing risky (speeded trials) to risk-averse (slowed 
trials) in the Stop Signal Task, 20 heavy alcohol users 
compared to 20 light users showed lower right superior 




In 79 AUD, greater hazardous alcohol use was associated with 
lower activity in the insula, striatum and dACC to risky choices 





18 adolescents with FHx+ compared to 13 FHx- showed lower 
right dlPFC activity during risky choices in a Wheel of Fortune 
task 
(Morales et al., 
2018) 
In 47 adolescents, greater risk taking and greater NAcc and 
precuneus activity to risky and rewarding choices was 
associated with earlier binge drinking 
(Worbe et al., 
2014) 
In 40 BD and 70 HC, subjects chose between risky gambles 
and safe choices. BD made greater risky anticipatory choices 
to high risk losses.  In 20 BD and 20 HC, BD showed greater 
dlPFC, OFC and superior parietal activity to high risk loss 
anticipation. Explicit exposure to loss feedback decreased risk 
taking in BD associated with greater right inferior frontal 





Using mixed gambles, abstinent AD and pathological gamblers 
(PG) showed decreased loss sensitivity with no difference in 
gain sensitivity.  AD showed increasing dlPFC activity with 
rising losses suggesting enhanced recruitment of cognitive 
resources whereas HC showed decreased activity.  PG showed 
altered prefrontal-amygdala connectivity. 
(Banca et al., 
2016b) 
BD showed less evidence prior to a probabilistic decision on 
the Beads task with both behavioural and computational 
models compared to HC (N=60) with greater reflection 
impulsivity correlating with lower DLPFC and inferior parietal 
volumes 
(Grodin et al., 
2018) 
Heavy drinkers compared to light drinkers (N=42) showed 
greater selection of actions to earn alcohol points despite 
experiencing aversive painful shocks associated with greater 
mesial PFC, anterior insula and striatal activity and greater 
ventral striatal and insular functional connectivity 
(Sjoerds et al., 
2013a) 
31 abstinent AD subjects compared to 19 HC show an over-
reliance on stimulus-response habit learning associated with 
an decrease in engagement of regions implicated in goal-
directed learning such as the ventromedial prefrontal cortex 
and anterior putamen and an increase in engagement of 
regions implicated in habit learning such as the posterior 
putamen 
(Sebold et al., 
2017) 
90 detoxified AD and 96 HC were scanned using the two-step 
task.  AD who subsequently relapsed showed decreased 
medial PFC activity to model-based control and behaviourally 





In response to a dynamically changing probabilistic reward 
task, 34 abstinent AD compared to 26 HC showed lower right 
dlPFC activity to positive prediction error and lower left dlPFC 
activity to negative prediction error suggesting potential 
impairments in adaptive control of action selection with 
changing environmental contingencies 
(Reiter et al., 
2016) 
43 detoxified AD and 35 HC were scanned using a reversal 
learning task and modelled using a double update model.  
Unlike HC, AD subjects tracked the chosen action rather than 
both options and showed decreased mesial PFC activity when 
making inferences about the unchosen action related to 






Adams KM, Gilman S, Koeppe RA, Kluin KJ, Brunberg JA, Dede D, et al. 
Neuropsychological deficits are correlated with frontal hypometabolism in 
positron emission tomography studies of older alcoholic patients. Alcoholism, 
clinical and experimental research 1993; 17(2): 205-10. 
Alvanzo AA, Wand GS, Kuwabara H, Wong DF, Xu X, McCaul ME. Family history of 
alcoholism is related to increased D2/D3 receptor binding potential: a marker of 
resilience or risk? Addiction biology 2017; 22(1): 218-28. 
Amlung M, Sweet LH, Acker J, Brown CL, MacKillop J. Dissociable brain 
signatures of choice conflict and immediate reward preferences in alcohol use 
disorders. Addict Biol 2014; 19(4): 743-53. 
Baker TE, Castellanos-Ryan N, Schumann G, Cattrell A, Flor H, Nees F, et al. 
Modulation of orbitofrontal-striatal reward activity by dopaminergic functional 
polymorphisms contributes to a predisposition to alcohol misuse in early 
adolescence. Psychological medicine 2019; 49(5): 801-10. 
Banca P, Harrison NA, Voon V. Compulsivity across the pathological misuse of 
drug and non-drug rewards. Frontiers in behavioral neuroscience 2016a; 10: 
154. 
Banca P, Lange I, Worbe Y, Howell NA, Irvine M, Harrison NA, et al. Reflection 
impulsivity in binge drinking: behavioural and volumetric correlates. Addiction 
biology 2016b; 21(2): 504-15. 
Beck A, Schlagenhauf F, Wustenberg T, Hein J, Kienast T, Kahnt T, et al. Ventral 
striatal activation during reward anticipation correlates with impulsivity in 
alcoholics. Biological psychiatry 2009; 66(8): 734-42. 
Beck A, Wustenberg T, Genauck A, Wrase J, Schlagenhauf F, Smolka MN, et al. 
Effect of brain structure, brain function, and brain connectivity on relapse in 
alcohol-dependent patients. Arch Gen Psychiatry 2012; 69(8): 842-52. 
Bednarski SR, Erdman E, Luo X, Zhang S, Hu S, Li CS. Neural processes of an 
indirect analog of risk taking in young nondependent adult alcohol drinkers-an 
FMRI study of the stop signal task. Alcoholism, clinical and experimental 
research 2012; 36(5): 768-79. 
Beylergil SB, Beck A, Deserno L, Lorenz RC, Rapp MA, Schlagenhauf F, et al. 
Dorsolateral prefrontal cortex contributes to the impaired behavioral adaptation 
in alcohol dependence. NeuroImage: Clinical 2017; 15: 80-94. 
Burnette EM, Grodin EN, Lim AC, MacKillop J, Karno MP, Ray LA. Association 
between impulsivity and neural activation to alcohol cues in heavy drinkers. 
Psychiatry Research: Neuroimaging 2019; 293: 110986. 
Cacciaglia R, Nees F, Pohlack ST, Ruttorf M, Winkelmann T, Witt SH, et al. A risk 
variant for alcoholism in the NMDA receptor affects amygdala activity during 
fear conditioning in humans. Biol Psychol 2013; 94(1): 74-81. 
Caldwell LC, Schweinsburg AD, Nagel BJ, Barlett VC, Brown SA, Tapert SF. Gender 
and adolescent alcohol use disorders on BOLD (blood oxygen level dependent) 
response to spatial working memory. Alcohol and alcoholism (Oxford, 
Oxfordshire) 2005; 40(3): 194-200. 
Camchong J, Stenger A, Fein G. Resting-state synchrony during early alcohol 
abstinence can predict subsequent relapse. Cereb Cortex 2013a; 23(9): 2086-99. 
 37 
Camchong J, Stenger A, Fein G. Resting-state synchrony in long-term abstinent 
alcoholics. Alcohol Clin Exp Res 2013b; 37(1): 75-85. 
Chanraud S, Reynaud M, Wessa M, Penttila J, Kostogianni N, Cachia A, et al. 
Diffusion tensor tractography in mesencephalic bundles: relation to mental 
flexibility in detoxified alcohol-dependent subjects. Neuropsychopharmacology : 
official publication of the American College of Neuropsychopharmacology 2009; 
34(5): 1223-32. 
Charlet K, Beck A, Jorde A, Wimmer L, Vollstadt-Klein S, Gallinat J, et al. Increased 
neural activity during high working memory load predicts low relapse risk in 
alcohol dependence. Addict Biol 2014a; 19(3): 402-14. 
Charlet K, Schlagenhauf F, Richter A, Naundorf K, Dornhof L, Weinfurtner CE, et 
al. Neural activation during processing of aversive faces predicts treatment 
outcome in alcoholism. Addiction biology 2014b; 19(3): 439-51. 
Chase HW, Eickhoff SB, Laird AR, Hogarth L. The neural basis of drug stimulus 
processing and craving: an activation likelihood estimation meta-analysis. Biol 
Psychiatry 2011; 70(8): 785-93. 
Cheng W, Rolls ET, Robbins TW, Gong W, Liu Z, Lv W, et al. Decreased brain 
connectivity in smoking contrasts with increased connectivity in drinking. Elife 
2019; 8: e40765. 
Claus ED, Hutchison KE. Neural mechanisms of risk taking and relationships with 
hazardous drinking. Alcoholism: clinical and experimental research 2012; 36(6): 
932-40. 
Claus ED, Kiehl KA, Hutchison KE. Neural and behavioral mechanisms of 
impulsive choice in alcohol use disorder. Alcohol Clin Exp Res 2011; 35(7): 1209-
19. 
Cservenka A, Nagel BJ. Risky decision‐making: An fMRI study of youth at high 
risk for alcoholism. Alcoholism: Clinical and Experimental Research 2012; 36(4): 
604-15. 
deCharms RC, Maeda F, Glover GH, Ludlow D, Pauly JM, Soneji D, et al. Control 
over brain activation and pain learned by using real-time functional MRI. Proc 
Natl Acad Sci U S A 2005; 102(51): 18626-31. 
Dennis LE, Kohno M, McCready HD, Schwartz DL, Schwartz B, Lahna D, et al. 
Neural correlates of reward magnitude and delay during a probabilistic delay 
discounting task in alcohol use disorder. Psychopharmacology 2020; 237(1): 
263-78. 
Deserno L, Beck A, Huys QJ, Lorenz RC, Buchert R, Buchholz HG, et al. Chronic 
alcohol intake abolishes the relationship between dopamine synthesis capacity 
and learning signals in the ventral striatum. Eur J Neurosci 2015; 41(4): 477-86. 
Desmond JE, Chen SH, DeRosa E, Pryor MR, Pfefferbaum A, Sullivan EV. Increased 
frontocerebellar activation in alcoholics during verbal working memory: an fMRI 
study. NeuroImage 2003; 19(4): 1510-20. 
Doñamayor N, Strelchuk D, Baek K, Banca P, Voon V. The involuntary nature of 
binge drinking: goal directedness and awareness of intention. Addiction biology 
2018; 23(1): 515-26. 
Elsayed NM, Kim MJ, Fields KM, Olvera RL, Hariri AR, Williamson DE. 
Trajectories of alcohol initiation and use during adolescence: the role of stress 
and amygdala reactivity. Journal of the American Academy of Child & Adolescent 
Psychiatry 2018; 57(8): 550-60. 
 38 
Engelmann JM, Versace F, Robinson JD, Minnix JA, Lam CY, Cui Y, et al. Neural 
substrates of smoking cue reactivity: a meta-analysis of fMRI studies. 
Neuroimage 2012; 60(1): 252-62. 
Everitt BJ, Robbins TW. Neural systems of reinforcement for drug addiction: 
from actions to habits to compulsion. Nat Neurosci 2005; 8(11): 1481-9. 
Fede SJ, Grodin EN, Dean SF, Diazgranados N, Momenan R. Resting state 
connectivity best predicts alcohol use severity in moderate to heavy alcohol 
users. Neuroimage: clinical 2019; 22: 101782. 
Filippi I, Hoertel N, Artiges E, Airagnes G, Guérin-Langlois C, Seigneurie A-S, et al. 
Family history of alcohol use disorder is associated with brain structural and 
functional changes in healthy first-degree relatives. European psychiatry 2019; 
62: 107-15. 
Finn ES, Shen X, Scheinost D, Rosenberg MD, Huang J, Chun MM, et al. Functional 
connectome fingerprinting: identifying individuals using patterns of brain 
connectivity. Nat Neurosci 2015; 18(11): 1664-71. 
Garbusow M, Schad DJ, Sebold M, Friedel E, Bernhardt N, Koch SP, et al. P 
avlovian‐to‐instrumental transfer effects in the nucleus accumbens relate to 
relapse in alcohol dependence. Addiction biology 2016; 21(3): 719-31. 
Genauck A, Quester S, Wüstenberg T, Mörsen C, Heinz A, Romanczuk-Seiferth N. 
Reduced loss aversion in pathological gambling and alcohol dependence is 
associated with differential alterations in amygdala and prefrontal functioning. 
Scientific reports 2017; 7,16306(1): 1-11. 
George O, Koob GF. Individual differences in the neuropsychopathology of 
addiction. Dialogues in Clinical Neuroscience 2017; 19(3): 93-104. 
George O, Sanders C, Freiling J, Grigoryan E, Vu S, Allen CD, et al. Recruitment of 
medial prefrontal cortex neurons during alcohol withdrawal predicts cognitive 
impairment and excessive alcohol drinking. Proceedings of the National 
Academy of Sciences of the United States of America 2012; 109(44): 18156-61. 
Gillan CM, Kosinski M, Whelan R, Phelps EA, Daw ND. Characterizing a 
psychiatric symptom dimension related to deficits in goal-directed control. Elife 
2016; 5: e11305. 
Glaser YG, Zubieta JK, Hsu DT, Villafuerte S, Mickey BJ, Trucco EM, et al. Indirect 
effect of corticotropin-releasing hormone receptor 1 gene variation on negative 
emotionality and alcohol use via right ventrolateral prefrontal cortex. J Neurosci 
2014; 34(11): 4099-107. 
Gonzalez DA, Jia T, Pinzón JH, Acevedo SF, Ojelade SA, Xu B, et al. The Arf6 
activator Efa6/PSD3 confers regional specificity and modulates ethanol 
consumption in Drosophila and humans. Molecular psychiatry 2018; 23(3): 621-
8. 
Gowin J, Sloan ME, Swan JE, Momenan R, Ramchandani VA. The relationship 
between delay discounting and alcohol dependence in individuals with and 
without comorbid psychopathology. Psychopharmacology 2019; 236(2): 775-85. 
Gowin JL, Vatsalya V, Westman JG, Schwandt ML, Bartlett S, Heilig M, et al. The 
effect of varenicline on the neural processing of fearful faces and the subjective 
effects of alcohol in heavy drinkers. Alcoholism: Clinical and Experimental 
Research 2016; 40(5): 979-87. 
Grodin EN, Cortes CR, Spagnolo PA, Momenan R. Structural deficits in salience 
network regions are associated with increased impulsivity and compulsivity in 
alcohol dependence. Drug and alcohol dependence 2017; 179: 100-8. 
 39 
Grodin EN, Lin H, Durkee CA, Hommer DW, Momenan R. Deficits in cortical, 
diencephalic and midbrain gray matter in alcoholism measured by VBM: Effects 
of co-morbid substance abuse. Neuroimage Clin 2013; 2: 469-76. 
Grodin EN, Sussman L, Sundby K, Brennan GM, Diazgranados N, Heilig M, et al. 
Neural correlates of compulsive alcohol seeking in heavy drinkers. Biological 
Psychiatry: Cognitive Neuroscience and Neuroimaging 2018; 3(12): 1022-31. 
Groefsema MM, Engels RC, Voon V, Schellekens AF, Luijten M, Sescousse G. Brain 
responses to anticipating and receiving beer: Comparing light, at‐risk, and 
dependent alcohol users. Addiction biology 2019: e12766. 
Grusser SM, Wrase J, Klein S, Hermann D, Smolka MN, Ruf M, et al. Cue-induced 
activation of the striatum and medial prefrontal cortex is associated with 
subsequent relapse in abstinent alcoholics. Psychopharmacology (Berl) 2004; 
175(3): 296-302. 
Guggenmos M, Schmack K, Sekutowicz M, Garbusow M, Sebold M, Sommer C, et 
al. Quantitative neurobiological evidence for accelerated brain aging in alcohol 
dependence. Translational psychiatry 2017; 7(12): 1279. 
Hagerty SL, YorkWilliams SL, Bidwell LC, Weiland BJ, Sabbineni A, Blaine SK, et 
al. DRD2 methylation is associated with executive control network connectivity 
and severity of alcohol problems among a sample of polysubstance users. 
Addiction biology 2018. 
Hanlon CA, Hartwell KJ, Canterberry M, Li X, Owens M, Lematty T, et al. 
Reduction of cue-induced craving through realtime neurofeedback in nicotine 
users: the role of region of interest selection and multiple visits. Psychiatry Res 
2013; 213(1): 79-81. 
Hardee JE, Weiland BJ, Nichols TE, Welsh RC, Soules ME, Steinberg DB, et al. 
Development of impulse control circuitry in children of alcoholics. Biological 
psychiatry 2014; 76(9): 708-16. 
Heilig M, Goldman D, Berrettini W, O'Brien CP. Pharmacogenetic approaches to 
the treatment of alcohol addiction. Nature Reviews Neuroscience 2011; 12(11): 
670-84. 
Heinrich A, Müller KU, Banaschewski T, Barker GJ, Bokde AL, Bromberg U, et al. 
Prediction of alcohol drinking in adolescents: personality-traits, behavior, brain 
responses, and genetic variations in the context of reward sensitivity. Biological 
psychology 2016; 118: 79-87. 
Heinz A, Reimold M, Wrase J, Hermann D, Croissant B, Mundle G, et al. 
Correlation of stable elevations in striatal mu-opioid receptor availability in 
detoxified alcoholic patients with alcohol craving: a positron emission 
tomography study using carbon 11-labeled carfentanil. Archives of general 
psychiatry 2005a; 62(1): 57-64. 
Heinz A, Siessmeier T, Wrase J, Buchholz HG, Grunder G, Kumakura Y, et al. 
Correlation of alcohol craving with striatal dopamine synthesis capacity and 
D2/3 receptor availability: a combined [18F]DOPA and [18F]DMFP PET study in 
detoxified alcoholic patients. The American journal of psychiatry 2005b; 162(8): 
1515-20. 
Heinz A, Siessmeier T, Wrase J, Hermann D, Klein S, Grusser SM, et al. Correlation 
between dopamine D(2) receptors in the ventral striatum and central processing 
of alcohol cues and craving. The American journal of psychiatry 2004; 161(10): 
1783-9. 
 40 
Heinz A, Wrase J, Kahnt T, Beck A, Bromand Z, Grüsser SM, et al. Brain Activation 
Elicited by Affectively Positive Stimuli Is Associated With a Lower Risk of 
Relapse in Detoxified Alcoholic Subjects. Alcoholism: Clinical and Experimental 
Research 2007; 31(7): 1138-47. 
Heitzeg MM, Nigg JT, Hardee JE, Soules M, Steinberg D, Zubieta J-K, et al. Left 
middle frontal gyrus response to inhibitory errors in children prospectively 
predicts early problem substance use. Drug and alcohol dependence 2014; 141: 
51-7. 
Henderson KE, Vaidya JG, Kramer JR, Kuperman S, Langbehn DR, O'leary DS. 
Cortical thickness in adolescents with a family history of alcohol use disorder. 
Alcoholism: Clinical and Experimental Research 2018; 42(1): 89-99. 
Herman AM, Critchley HD, Duka T. Binge drinking is associated with attenuated 
frontal and parietal activation during successful response inhibition in fearful 
context. European Journal of Neuroscience 2018; 50: 2297-310. 
Jasinska AJ, Stein EA, Kaiser J, Naumer MJ, Yalachkov Y. Factors modulating 
neural reactivity to drug cues in addiction: a survey of human neuroimaging 
studies. Neuroscience and biobehavioral reviews 2014; 38: 1-16. 
Jia TY, Macare C, Desrivieres S, Gonzalez DA, Tao CY, Ji XX, et al. Neural basis of 
reward anticipation and its genetic determinants. Proceedings of the National 
Academy of Sciences of the United States of America 2016; 113(14): 3879-84. 
Kalk N, Guo Q, Owen D, Cherian R, Erritzoe D, Gilmour A, et al. Decreased 
hippocampal translocator protein (18 kDa) expression in alcohol dependence: a 
[11 C] PBR28 PET study. Translational psychiatry 2017; 7(1): e996. 
Kareken DA, Dzemidzic M, Wetherill L, Eiler W, Oberlin BG, Harezlak J, et al. 
Family history of alcoholism interacts with alcohol to affect brain regions 
involved in behavioral inhibition. Psychopharmacology 2013; 228(2): 335-45. 
Kareken DA, Liang T, Wetherill L, Dzemidzic M, Bragulat V, Cox C, et al. A 
polymorphism in GABRA2 is associated with the medial frontal response to 
alcohol cues in an fMRI study. Alcoholism, clinical and experimental research 
2010; 34(12): 2169-78. 
Kegeles LS, Horga G, Ghazzaoui R, Rosengard R, Ojeil N, Xu X, et al. Enhanced 
striatal dopamine release to expectation of alcohol: a potential risk factor for 
alcohol use disorder. Biological Psychiatry: Cognitive Neuroscience and 
Neuroimaging 2018; 3(7): 591-8. 
Kienast T, Schlagenhauf F, Rapp MA, Wrase J, Daig I, Buchholz HG, et al. 
Dopamine-modulated aversive emotion processing fails in alcohol-dependent 
patients. Pharmacopsychiatry 2013; 46(4): 130-6. 
Kim SW, Wiers CE, Tyler R, Shokri-Kojori E, Jang YJ, Zehra A, et al. Influence of 
alcoholism and cholesterol on TSPO binding in brain: PET [11 C] PBR28 studies 
in humans and rodents. Neuropsychopharmacology 2018; 43(9): 1832-9. 
Koob GF. The role of CRF and CRF-related peptides in the dark side of addiction. 
Brain research 2010; 1314: 3-14. 
Koob GF, Buck CL, Cohen A, Edwards S, Park PE, Schlosburg JE, et al. Addiction as 
a stress surfeit disorder. Neuropharmacology 2014; 76: 370-82. 
Koob GF, Le Moal M. Drug abuse: hedonic homeostatic dysregulation. Science 
1997; 278(5335): 52-8. 
Koob GF, Volkow ND. Neurobiology of addiction: a neurocircuitry analysis. 
Lancet Psychiatry 2016; 3(8): 760-73. 
 41 
Kuhn S, Gallinat J. Common biology of craving across legal and illegal drugs - a 
quantitative meta-analysis of cue-reactivity brain response. Eur J Neurosci 2011; 
33(7): 1318-26. 
Kühn S, Mascharek A, Banaschewski T, Bodke A, Bromberg U, Büchel C, et al. 
Predicting development of adolescent drinking behaviour from whole brain 
structure at 14 years of age. Elife 2019; 8: e44056. 
Kvamme TL, Schmidt C, Strelchuk D, Chang-Webb YC, Baek K, Voon V. Sexually 
dimorphic brain volume interaction in college-aged binge drinkers. Neuroimage 
Clin 2016; 10: 310-7. 
Kwako LE, Momenan R, Litten RZ, Koob GF, Goldman D. Addictions Neuroclinical 
Assessment: A Neuroscience-Based Framework for Addictive Disorders. Biol 
Psychiatry 2016; 80(3): 179-89. 
Kwako LE, Spagnolo PA, Schwandt ML, Thorsell A, George DT, Momenan R, et al. 
The corticotropin releasing hormone-1 (CRH1) receptor antagonist pexacerfont 
in alcohol dependence: a randomized controlled experimental medicine study. 
Neuropsychopharmacology 2015; 40(5): 1053-63. 
Laine T, Ahonen A, Torniainen P, Heikkilä J, Pyhtinen J, Räsänen P, et al. 
Dopamine transporters increase in human brain after alcohol withdrawal. 
Molecular psychiatry 1999a; 4(2): 189. 
Laine TP, Ahonen A, Rasanen P, Tiihonen J. Dopamine transporter availability 
and depressive symptoms during alcohol withdrawal. Psychiatry research 
1999b; 90(3): 153-7. 
Lee E, Ku J, Jung YC, Lee H, An SK, Kim KR, et al. Neural evidence for emotional 
involvement in pathological alcohol craving. Alcohol and alcoholism (Oxford, 
Oxfordshire) 2013; 48(3): 288-94. 
Li CS, Luo X, Yan P, Bergquist K, Sinha R. Altered impulse control in alcohol 
dependence: neural measures of stop signal performance. Alcohol Clin Exp Res 
2009; 33(4): 740-50. 
Lim AC, Cservenka A, Ray LA. Effects of alcohol dependence severity on neural 
correlates of delay discounting. Alcohol and Alcoholism 2017; 52(4): 506-15. 
Luijten M, Machielsen MW, Veltman DJ, Hester R, de Haan L, Franken IH. 
Systematic review of ERP and fMRI studies investigating inhibitory control and 
error processing in people with substance dependence and behavioural 
addictions. Journal of psychiatry & neuroscience : JPN 2014; 39(3): 149-69. 
Luijten M, Schellekens AF, Kuhn S, Machielse MW, Sescousse G. Disruption of 
Reward Processing in Addiction : An Image-Based Meta-analysis of Functional 
Magnetic Resonance Imaging Studies. JAMA Psychiatry 2017; 74(4): 387-98. 
Mackey S, Allgaier N, Chaarani B, Spechler P, Orr C, Bunn J, et al. Mega-analysis of 
gray matter volume in substance dependence: general and substance-specific 
regional effects. American Journal of Psychiatry 2018; 176(2): 119-28. 
Martinez D, Gil R, Slifstein M, Hwang DR, Huang Y, Perez A, et al. Alcohol 
dependence is associated with blunted dopamine transmission in the ventral 
striatum. Biol Psychiatry 2005; 58(10): 779-86. 
Mitchell JM, O’Neil JP, Janabi M, Marks SM, Jagust WJ, Fields HL. Alcohol 
consumption induces endogenous opioid release in the human orbitofrontal 
cortex and nucleus accumbens. Science translational medicine 2012; 4(116): 
116ra6-ra6. 
Mole TB, Irvine MA, Worbe Y, Collins P, Mitchell SP, Bolton S, et al. Impulsivity in 
disorders of food and drug misuse. Psychol Med 2014: 1-12. 
 42 
Momenan R, Steckler LE, Saad ZS, van Rafelghem S, Kerich MJ, Hommer DW. 
Effects of alcohol dependence on cortical thickness as determined by magnetic 
resonance imaging. Psychiatry Research: Neuroimaging 2012; 204(2-3): 101-11. 
Morales AM, Jones SA, Ehlers A, Lavine JB, Nagel BJ. Ventral striatal response 
during decision making involving risk and reward is associated with future binge 
drinking in adolescents. Neuropsychopharmacology 2018; 43(9): 1884-90. 
Morales AM, Jones SA, Harman G, Patching‐Bunch J, Nagel BJ. Associations 
between nucleus accumbens structural connectivity, brain function, and 
initiation of binge drinking. Addiction biology 2019: e12767. 
Morris LS, Baek K, Kundu P, Harrison NA, Frank MJ, Voon V. Biases in the 
explore–exploit tradeoff in addictions: the role of avoidance of uncertainty. 
Neuropsychopharmacology 2016a; 41(4): 940-8. 
Morris LS, Dowell NG, Cercignani M, Harrison NA, Voon V. Binge drinking 
differentially affects cortical and subcortical microstructure. Addiction biology 
2018; 23(1): 403-11. 
Morris LS, Kundu P, Baek K, Irvine MA, Mechelmans DJ, Wood J, et al. Jumping the 
gun: mapping neural correlates of waiting impulsivity and relevance across 
alcohol misuse. Biological psychiatry 2016b; 79(6): 499-507. 
Morris LS, Kundu P, Dowell N, Mechelmans DJ, Favre P, Irvine MA, et al. Fronto-
striatal organization: Defining functional and microstructural substrates of 
behavioural flexibility. Cortex 2016c; 74: 118-33. 
Muench C, Schwandt M, Jung J, Cortes CR, Momenan R, Lohoff FW. The major 
depressive disorder GWAS-supported variant rs10514299 in TMEM161B-
MEF2C predicts putamen activation during reward processing in alcohol 
dependence. Translational psychiatry 2018; 8(1): 131. 
Müller KU, Gan G, Banaschewski T, Barker GJ, Bokde AL, Büchel C, et al. No 
differences in ventral striatum responsivity between adolescents with a positive 
family history of alcoholism and controls. Addiction biology 2015; 20(3): 534-45. 
Munro CA, McCaul ME, Oswald LM, Wong DF, Zhou Y, Brasic J, et al. Striatal 
dopamine release and family history of alcoholism. Alcoholism, clinical and 
experimental research 2006; 30(7): 1143-51. 
Murphy A, Nestor LJ, McGonigle J, Paterson L, Boyapati V, Ersche KD, et al. Acute 
D3 antagonist GSK598809 selectively enhances neural response during 
monetary reward anticipation in drug and alcohol dependence. 
Neuropsychopharmacology 2017; 42(5): 1049-57. 
Nebe S, Kroemer NB, Schad DJ, Bernhardt N, Sebold M, Müller DK, et al. No 
association of goal‐directed and habitual control with alcohol consumption in 
young adults. Addiction biology 2018; 23(1): 379-93. 
Nees F, Tzschoppe J, Patrick CJ, Vollstadt-Klein S, Steiner S, Poustka L, et al. 
Determinants of Early Alcohol Use In Healthy Adolescents: The Differential 
Contribution of Neuroimaging and Psychological Factors. 
Neuropsychopharmacology : official publication of the American College of 
Neuropsychopharmacology 2012; 37(4): 986-95. 
Nees F, Witt SH, Dinu-Biringer R, Lourdusamy A, Tzschoppe J, Vollstadt-Klein S, 
et al. BDNF Val66Met and reward-related brain function in adolescents: role for 
early alcohol consumption. Alcohol (Fayetteville, NY) 2015; 49(2): 103-10. 
Nestler EJ. Is there a common molecular pathway for addiction? Nature 
neuroscience 2005; 8(11): 1445-9. 
 43 
Nikolova YS, Knodt AR, Radtke SR, Hariri AR. Divergent responses of the 
amygdala and ventral striatum predict stress-related problem drinking in young 
adults: possible differential markers of affective and impulsive pathways of risk 
for alcohol use disorder. Molecular psychiatry 2016; 21(3): 348-56. 
Norman AL, Pulido C, Squeglia LM, Spadoni AD, Paulus MP, Tapert SF. Neural 
activation during inhibition predicts initiation of substance use in adolescence. 
Drug and alcohol dependence 2011; 119(3): 216-23. 
O'Daly OG, Trick L, Scaife J, Marshall J, Ball D, Phillips ML, et al. Withdrawal-
Associated Increases and Decreases in Functional Neural Connectivity 
Associated with Altered Emotional Regulation in Alcoholism. 
Neuropsychopharmacology 2012; 37(10): 2267-76. 
Oberlin BG, Albrecht DS, Herring CM, Walters JW, Hile KL, Kareken DA, et al. 
Monetary discounting and ventral striatal dopamine receptor availability in 
nontreatment-seeking alcoholics and social drinkers. Psychopharmacology 
(Berl) 2015a; 232(12): 2207-16. 
Oberlin BG, Dzemidzic M, Harezlak J, Kudela MA, Tran SM, Soeurt CM, et al. 
Corticostriatal and Dopaminergic Response to Beer Flavor with Both fMRI and 
[(11) C]raclopride Positron Emission Tomography. Alcoholism, clinical and 
experimental research 2016; 40(9): 1865-73. 
Oberlin BG, Dzemidzic M, Tran SM, Soeurt CM, Albrecht DS, Yoder KK, et al. Beer 
flavor provokes striatal dopamine release in male drinkers: mediation by family 
history of alcoholism. Neuropsychopharmacology : official publication of the 
American College of Neuropsychopharmacology 2013; 38(9): 1617-24. 
Oberlin BG, Dzemidzic M, Tran SM, Soeurt CM, O'Connor SJ, Yoder KK, et al. Beer 
self-administration provokes lateralized nucleus accumbens dopamine release in 
male heavy drinkers. Psychopharmacology 2015b; 232(5): 861-70. 
Padula CB, Anthenelli RM, Eliassen JC, Nelson E, Lisdahl KM. Gender effects in 
alcohol dependence: an fMRI pilot study examining affective processing. 
Alcoholism, clinical and experimental research 2015; 39(2): 272-81. 
PARK MS, Sohn S, PARK JE, KIM SH, Yu IK, SOHN JH. Brain functions associated 
with verbal working memory tasks among young males with alcohol use 
disorders. Scandinavian journal of Psychology 2011; 52(1): 1-7. 
Peña-Oliver Y, Carvalho FM, Sanchez-Roige S, Quinlan EB, Jia T, Walker-Tilley T, 
et al. Mouse and human genetic analyses associate kalirin with ventral striatal 
activation during impulsivity and with alcohol misuse. Frontiers in genetics 
2016; 7: 52. 
Pfefferbaum A, Desmond JE, Galloway C, Menon V, Glover GH, Sullivan EV. 
Reorganization of frontal systems used by alcoholics for spatial working 
memory: an fMRI study. Neuroimage 2001; 14(1): 7-20. 
Pfefferbaum A, Rosenbloom MJ, Chu W, Sassoon SA, Rohlfing T, Pohl KM, et al. 
White matter microstructural recovery with abstinence and decline with relapse 
in alcohol dependence interacts with normal ageing: a controlled longitudinal 
DTI study. The lancet Psychiatry 2014; 1(3): 202-12. 
Poldrack RA, Baker CI, Durnez J, Gorgolewski KJ, Matthews PM, Munafo MR, et al. 
Scanning the horizon: towards transparent and reproducible neuroimaging 
research. Nat Rev Neurosci 2017; 18(2): 115-26. 
Ramchandani VA, Umhau J, Pavon FJ, Ruiz-Velasco V, Margas W, Sun H, et al. A 
genetic determinant of the striatal dopamine response to alcohol in men. 
Molecular psychiatry 2011; 16(8): 809-17. 
 44 
Rando K, Hong KI, Bhagwagar Z, Li CS, Bergquist K, Guarnaccia J, et al. 
Association of frontal and posterior cortical gray matter volume with time to 
alcohol relapse: a prospective study. The American journal of psychiatry 2011; 
168(2): 183-92. 
Reiter AM, Deserno L, Kallert T, Heinze HJ, Heinz A, Schlagenhauf F. Behavioral 
and Neural Signatures of Reduced Updating of Alternative Options in Alcohol-
Dependent Patients during Flexible Decision-Making. J Neurosci 2016; 36(43): 
10935-48. 
Rominger A, Cumming P, Xiong G, Koller G, Boning G, Wulff M, et al. 
[18F]Fallypride PET measurement of striatal and extrastriatal dopamine D 2/3 
receptor availability in recently abstinent alcoholics. Addiction biology 2012; 
17(2): 490-503. 
Salloum JB, Ramchandani VA, Bodurka J, Rawlings R, Momenan R, George D, et al. 
Blunted rostral anterior cingulate response during a simplified decoding task of 
negative emotional facial expressions in alcoholic patients. Alcoholism, clinical 
and experimental research 2007; 31(9): 1490-504. 
Sanchez-Roige S, Baro V, Trick L, Pena-Oliver Y, Stephens DN, Duka T. 
Exaggerated waiting impulsivity associated with human binge drinking, and high 
alcohol consumption in mice. Neuropsychopharmacology 2014; 39(13): 2919-
27. 
Sawyer KS, Maleki N, Papadimitriou G, Makris N, Oscar-Berman M, Harris GJ. 
Cerebral white matter sex dimorphism in alcoholism: a diffusion tensor imaging 
study. Neuropsychopharmacology 2018; 43(9): 1876–83. 
Schacht JP, Anton RF, Myrick H. Functional neuroimaging studies of alcohol cue 
reactivity: a quantitative meta-analysis and systematic review. Addict Biol 
2013a; 18(1): 121-33. 
Schacht JP, Anton RF, Voronin KE, Randall PK, Li X, Henderson S, et al. Interacting 
effects of naltrexone and OPRM1 and DAT1 variation on the neural response to 
alcohol cues. Neuropsychopharmacology 2013b; 38(3): 414-22. 
Schad DJ, Garbusow M, Friedel E, Sommer C, Sebold M, Hägele C, et al. Neural 
correlates of instrumental responding in the context of alcohol-related cues 
index disorder severity and relapse risk. European archives of psychiatry and 
clinical neuroscience 2019; 269(3): 295-308. 
Schmaal L, Goudriaan A, Joos L, Dom G, Pattij T, van den Brink W, et al. Neural 
substrates of impulsive decision making modulated by modafinil in alcohol-
dependent patients. Psychological medicine 2014; 44(13): 2787-98. 
Schmaal L, Joos L, Koeleman M, Veltman DJ, van den Brink W, Goudriaan AE. 
Effects of modafinil on neural correlates of response inhibition in alcohol-
dependent patients. Biological psychiatry 2013; 73(3): 211-8. 
Schumann G, Loth E, Banaschewski T, Barbot A, Barker G, Buchel C, et al. The 
IMAGEN study: reinforcement-related behaviour in normal brain function and 
psychopathology. Molecular psychiatry 2010; 15(12): 1128-39. 
Schweinsburg AD, Paulus MP, Barlett VC, Killeen LA, Caldwell LC, Pulido C, et al. 
An FMRI study of response inhibition in youths with a family history of 
alcoholism. ANNALS-NEW YORK ACADEMY OF SCIENCES 2004; 1021: 391-4. 
Sebold M, Nebe S, Garbusow M, Guggenmos M, Schad DJ, Beck A, et al. When 
habits are dangerous: alcohol expectancies and habitual decision making predict 
relapse in alcohol dependence. Biological psychiatry 2017; 82(11): 847-56. 
 45 
Senatorov VV, Damadzic R, Mann CL, Schwandt ML, George DT, Hommer DW, et 
al. Reduced anterior insula, enlarged amygdala in alcoholism and associated 
depleted von Economo neurons. Brain 2015; 138(Pt 1): 69-79. 
Seo D, Lacadie CM, Tuit K, Hong KI, Constable RT, Sinha R. Disrupted 
ventromedial prefrontal function, alcohol craving, and subsequent relapse risk. 
JAMA Psychiatry 2013; 70(7): 727-39. 
Seo S, Beck A, Matthis C, Genauck A, Banaschewski T, Bokde AL, et al. Risk 
profiles for heavy drinking in adolescence: differential effects of gender. 
Addiction biology 2019; 24(4): 787-801. 
Sinha R. Chronic stress, drug use, and vulnerability to addiction. Ann N Y Acad Sci 
2008; 1141: 105-30. 
Sjoerds Z, de Wit S, van den Brink W, Robbins TW, Beekman AT, Penninx BW, et 
al. Behavioral and neuroimaging evidence for overreliance on habit learning in 
alcohol-dependent patients. Transl Psychiatry 2013a; 3: e337. 
Sjoerds Z, Van Tol MJ, Van den Brink W, Van der Wee NJ, Van Buchem MA, 
Aleman A, et al. Family history of alcohol dependence and gray matter 
abnormalities in non-alcoholic adults. World J Biol Psychiatry 2013b; 14(8): 565-
73. 
Smith JL, Mattick RP, Jamadar SD, Iredale JM. Deficits in behavioural inhibition in 
substance abuse and addiction: a meta-analysis. Drug and alcohol dependence 
2014; 145: 1-33. 
Sorg SF, Taylor MJ, Alhassoon OM, Gongvatana A, Theilmann RJ, Frank LR, et al. 
Frontal white matter integrity predictors of adult alcohol treatment outcome. 
Biological psychiatry 2012; 71(3): 262-8. 
Squeglia LM, Pulido C, Wetherill RR, Jacobus J, Brown GG, Tapert SF. Brain 
response to working memory over three years of adolescence: influence of 
initiating heavy drinking. Journal of studies on alcohol and drugs 2012; 73(5): 
749-60. 
Squeglia LM, Schweinsburg AD, Pulido C, Tapert SF. Adolescent binge drinking 
linked to abnormal spatial working memory brain activation: differential gender 
effects. Alcoholism, clinical and experimental research 2011; 35(10): 1831-41. 
Stacey D, Bilbao A, Maroteaux M, Jia T, Easton AC, Longueville S, et al. RASGRF2 
regulates alcohol-induced reinforcement by influencing mesolimbic dopamine 
neuron activity and dopamine release. Proceedings of the National Academy of 
Sciences of the United States of America 2012; 109(51): 21128-33. 
Stacey D, Lourdusamy A, Ruggeri B, Maroteaux M, Jia T, Cattrell A, et al. A 
translational systems biology approach in both animals and humans identifies a 
functionally related module of accumbal genes involved in the regulation of 
reward processing and binge drinking in males. Journal of psychiatry & 
neuroscience : JPN 2016; 41(3): 192-202. 
Swan J, Gowin JL, Sloan ME, Momenan R, Ramchandani VA. 2226 Influence of 
alcohol use disorder and comorbid psychopathology on discounting of delayed 
rewards. Journal of Clinical and Translational Science 2018; 2(S1): 43. 
Swendsen J, Conway KP, Degenhardt L, Glantz M, Jin R, Merikangas KR, et al. 
Mental disorders as risk factors for substance use, abuse and dependence: 
results from the 10-year follow-up of the National Comorbidity Survey. Addiction 
2010; 105(6): 1117-28. 
 46 
Tapert SF, Brown GG, Kindermann SS, Cheung EH, Frank LR, Brown SAJAC, et al. 
fMRI measurement of brain dysfunction in alcohol‐dependent young women.  
2001; 25(2): 236-45. 
Thompson PM, Stein JL, Medland SE, Hibar DP, Vasquez AA, Renteria ME, et al. 
The ENIGMA Consortium: large-scale collaborative analyses of neuroimaging and 
genetic data. Brain Imaging Behav 2014; 8(2): 153-82. 
Tiihonen J, Kuikka J, Bergstrom K, Hakola P, Karhu J, Ryynanen OP, et al. Altered 
striatal dopamine re-uptake site densities in habitually violent and non-violent 
alcoholics. Nature medicine 1995; 1(7): 654-7. 
Trick L, Kempton MJ, Williams SC, Duka T. Impaired fear recognition and 
attentional set-shifting is associated with brain structural changes in alcoholic 
patients. Addiction biology 2014; 19(6): 1041-54. 
Turton S, Myers JF, Mick I, Colasanti A, Venkataraman A, Durant C, et al. Blunted 
endogenous opioid release following an oral dexamphetamine challenge in 
abstinent alcohol-dependent individuals. Molecular psychiatry 2018: 1. 
Vanes LD, van Holst RJ, Jansen JM, van den Brink W, Oosterlaan J, Goudriaan AE. 
Contingency learning in alcohol dependence and pathological gambling: learning 
and unlearning reward contingencies. Alcoholism: Clinical and Experimental 
Research 2014; 38(6): 1602-10. 
Volkow ND, Wang GJ, Begleiter H, Porjesz B, Fowler JS, Telang F, et al. High levels 
of dopamine D2 receptors in unaffected members of alcoholic families: possible 
protective factors. Archives of general psychiatry 2006; 63(9): 999-1008. 
Volkow ND, Wang GJ, Maynard L, Fowler JS, Jayne B, Telang F, et al. Effects of 
alcohol detoxification on dopamine D2 receptors in alcoholics: a preliminary 
study. Psychiatry research 2002; 116(3): 163-72. 
Volkow ND, Wang GJ, Telang F, Fowler JS, Logan J, Jayne M, et al. Profound 
decreases in dopamine release in striatum in detoxified alcoholics: possible 
orbitofrontal involvement. The Journal of neuroscience : the official journal of 
the Society for Neuroscience 2007; 27(46): 12700-6. 
Vollstadt-Klein S, Hermann D, Rabinstein J, Wichert S, Klein O, Ende G, et al. 
Increased activation of the ACC during a spatial working memory task in alcohol-
dependence versus heavy social drinking. Alcoholism, clinical and experimental 
research 2010; 34(5): 771-6. 
Voon V, Dalley JW. Translatable and Back-Translatable Measurement of 
Impulsivity and Compulsivity: Convergent and Divergent Processes. Curr Top 
Behav Neurosci 2016; 28: 53-91. 
Voon V, Derbyshire K, Ruck C, Irvine MA, Worbe Y, Enander J, et al. Disorders of 
compulsivity: a common bias towards learning habits. Mol Psychiatry 2015; 
20(3): 345-52. 
Voon V, Reiter A, Sebold M, Groman S. Model-based control in dimensional 
psychiatry. Biological psychiatry 2017; 82(6): 391-400. 
Wang JJ, Durazzo TC, Gazdzinski S, Yeh PH, Mon A, Meyerhoff DJ. MRSI and DTI: a 
multimodal approach for improved detection of white matter abnormalities in 
alcohol and nicotine dependence. NMR in biomedicine 2009; 22(5): 516-22. 
Weerts EM, Wand GS, Kuwabara H, Munro CA, Dannals RF, Hilton J, et al. Positron 
emission tomography imaging of mu- and delta-opioid receptor binding in 
alcohol-dependent and healthy control subjects. Alcoholism, clinical and 
experimental research 2011; 35(12): 2162-73. 
 47 
Whelan R, Conrod PJ, Poline J-B, Lourdusamy A, Banaschewski T, Barker GJ, et al. 
Adolescent impulsivity phenotypes characterized by distinct brain networks. 
Nature neuroscience 2012; 15(6): 920-5. 
Whelan R, Watts R, Orr CA, Althoff RR, Artiges E, Banaschewski T, et al. 
Neuropsychosocial profiles of current and future adolescent alcohol misusers. 
Nature 2014; 512(7513): 185-9. 
Wiers CE, Stelzel C, Gladwin TE, Park SQ, Pawelczack S, Gawron CK, et al. Effects 
of cognitive bias modification training on neural alcohol cue reactivity in alcohol 
dependence. The American journal of psychiatry 2015; 172(4): 335-43. 
Worbe Y, Irvine M, Lange I, Kundu P, Howell NA, Harrison NA, et al. Neuronal 
correlates of risk-seeking attitudes to anticipated losses in binge drinkers. Biol 
Psychiatry 2014; 76(9): 717-24. 
Xiao P, Dai Z, Zhong J, Zhu Y, Shi H, Pan P. Regional gray matter deficits in alcohol 
dependence: A meta-analysis of voxel-based morphometry studies. Drug and 
alcohol dependence 2015; 153: 22-8. 
Yang H, Devous MD, Briggs RW, Spence JS, Xiao H, Kreyling N, et al. Altered 
neural processing of threat in alcohol-dependent men. Alcoholism, clinical and 
experimental research 2013; 37(12): 2029-38. 
Yeh PH, Simpson K, Durazzo TC, Gazdzinski S, Meyerhoff DJ. Tract-Based Spatial 
Statistics (TBSS) of diffusion tensor imaging data in alcohol dependence: 
abnormalities of the motivational neurocircuitry. Psychiatry research 2009; 
173(1): 22-30. 
Yoder KK, Albrecht DS, Dzemidzic M, Normandin MD, Federici LM, Graves T, et al. 
Differences in IV alcohol-induced dopamine release in the ventral striatum of 
social drinkers and nontreatment-seeking alcoholics. Drug and alcohol 
dependence 2016; 160: 163-9. 
Young KD, Siegle GJ, Zotev V, Phillips R, Misaki M, Yuan H, et al. Randomized 
Clinical Trial of Real-Time fMRI Amygdala Neurofeedback for Major Depressive 
Disorder: Effects on Symptoms and Autobiographical Memory Recall. Am J 
Psychiatry 2017; 174(8): 748-55. 
Yücel M, Oldenhof E, Ahmed SH, Belin D, Billieux J, Bowden‐Jones H, et al. A 
transdiagnostic dimensional approach towards a neuropsychological assessment 
for addiction: an international Delphi consensus study. Addiction 2019; 114(6): 
1095-109. 
Zakiniaeiz Y, Scheinost D, Seo D, Sinha R, Constable RT. Cingulate cortex 
functional connectivity predicts future relapse in alcohol dependent individuals. 
NeuroImage: Clinical 2017; 13: 181-7. 
Zhang H, Schneider T, Wheeler-Kingshott CA, Alexander DC. NODDI: practical in 
vivo neurite orientation dispersion and density imaging of the human brain. 
Neuroimage 2012; 61(4): 1000-16. 
Zhao Q, Pfefferbaum A, Podhajsky S, Pohl KM, Sullivan EV. Accelerated aging and 
motor control deficits are related to regional deformation of central cerebellar 
white matter in alcohol use disorder. Addiction biology 2019: 1-12. 
Zois E, Vollstädt-Klein S, Hoffmann S, Reinhard I, Charlet K, Beck A, et al. 
Orbitofrontal structural markers of negative affect in alcohol dependence and 
their associations with heavy relapse-risk at 6 months post-treatment. European 





Figure1.  Addiction theories and processes: The figure illustrates the concepts of 
vulnerability and resistance with the binge-intoxication-withdrawal cycle and 
the stages at which relevant addiction theories and cognitive processes are 
proposed to be implicated. 
 
Figure2. Summary illustration of neural regions implicated in cognitive 
processes, functional connectivity and volumetric differences associated with 
alcohol misuse.  Here we illustrate a summary of commonly observed regions 
and processes in alcohol misuse discussed in this review.  The closed colored 
circles and open grey circle represent impaired cognitive processes and 
volumetric differences and their associated neural regions relevant to studies of 
alcohol misuse.  Note that the positioning of the circle represents the relevant 
brain region and not the peak activity.   
Abbreviations: vmPFC: ventromedial prefrontal cortex: OFC: orbitofrontal 
cortex; lPFC: lateral prefrontal cortex; IFC: inferior frontal cortex 
 
Figure3.  Fronto-striatal connectivity and cognitive processes relevant to alcohol 
misuse. The images show fronto-striatal functional connectivity maps based on 
functionally defined prefrontal seeds (left) and connectivity to striatal 
subregions in healthy controls.  The upwards arrow in the middle image is 
intended to reflect ventral to dorsal striatal spiraling loops.  Cognitive processes 
mapped to relevant fronto-striatal circuitry are shown on the right.  The columns 
on the right represent constructs of impulsivity, compulsivity and other 
cognitive processes relevant to the addiction process.  The processes are colour-
coded to match colour coding of the fronto-striatal region implicated in the 
cognitive process.  The images and fronto-striatal maps of the cognitive 
constructs for impulsivity and compulsivity processes are adapted from (Morris 
et al., 2016c; Voon and Dalley, 2016). 
Abbreviations:  dlPFC: dorsolateral prefrontal cortex; vlPFC: ventrolateral PFC; 
iPFC: inferior PFC; lOFC: lateral orbitofrontal cortex; SMA: supplementary motor 
area; PMC: premotor cortex; pre-SMA: pre-supplementary motor area; Ant PFC: 
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anterior prefrontal cortex; D cing: dorsal cingulate; SG cing: subgenual cingulate; 
vmPFC: ventromedial PFC; mOFC: medial OFC 
 
 
 
